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KINEMATICS OF THE ANTERIOR CRUCIATE LIGAMENT (ACL) AND ACL 
GRAFT 
Junjun Zhu, Ph.D. 
University of Pittsburgh, 2018 
 
The anterior cruciate ligament (ACL) is one of the four main ligaments of the knee and is the 
most important ligament for knee’s stability. ACL injury has an annual incidence of more than 
200,000 cases with approximately 100,000 of these knees having ACL reconstruction annually in 
the United States alone. However, the behaviors of the ACL and the graft in knees were still 
debated. There is still no golden standard in choosing appropriate reconstruction techniques, such 
as the position and orientation of the graft. Tunnel enlargement and graft failure could happen 
after reconstruction if the ACL graft was improperly placed. To have better knowledge of the 
behavior of the intact ACL during flexion-extension and under external loads, this dissertation 
measured the strain of two bundles of the ACL by using two different measurement methods. 
This dissertation also measured graft position in femoral tunnel during knee motions and under 
different external loadings. This graft position information provides insight into ACL graft 
behavior and function and may be important for determining appropriate rehabilitation time. 
Last, a finite element (FE) model was constructed and used to simulate the graft behavior in 
reconstructed knees with boundary and loading conditions from corresponding cadaveric 
experiments. Geometry of the tibia and femur were obtained from CT imaging. An isotropic 
hyperelastic material was used to model the cylindrical graft. Three-dimensional joint kinematics 
were obtained via a six-degree-of-freedom robotic manipulator and were used for input into the 
 v 
computational model. Graft stress, tension as well as the location of the graft in the tunnel were 
calculated after the kinematics were applied. 
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1.0  INTRODUCTION  
1.1 THE ANTERIOR CRUCIATE LIGAMENT (ACL) AND ACL INJURY 
The anterior cruciate ligament (ACL) is one of the four main ligaments of the knee (Figure 1). Its 
primary role is to prevent anteroposterior displacement of the tibia on the femur, with a 
secondary role of providing rotational stability. The ACL provides about 85% of the restraining 
force to anterior tibial displacement at 30 degrees and 90 degrees of knee flexion and is 
frequently subjected to high mechanical stress [41].   
 
Figure 1: Anatomy of human knee (www.Medicinenet.com) 
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ACL injuries most commonly occur during sports that involve sudden stops, jumping or 
sharp changes in direction-such as basketball, soccer, football, tennis and skiing. Although many 
studies have been done by researchers, the mechanisms that lead to ACL injury and proper 
reconstruction techniques are still not clear. The incidence of ACL rupture in males and females 
are also different. A study by Arendt et al. showed significantly higher ACL injury rates in 
female players in collegiate basketball and soccer compared to male players. Non-contact 
mechanisms were the primary cause of ACL injury in both sports. Possible factors for the higher 
rate of  ACL injuries among women may be extrinsic (body movement, muscular strength, shoe-
surface interface, and skill level) or intrinsic (joint laxity, limb alignment, notch dimensions, and 
ligament size) [9].While some studies have focused on finding risk factors of ACL injury and 
how to prevent ACL injury during activities, there are still between 100,000 and 200,000 ACL 
ruptures per year in the United States. Resulting national estimates of the incidence of ACL 
reconstruction vary between 60,000 and 175,000, with the annual cost of treatment is over two 
billion dollars [79]. 
1.2 ANATOMY AND BIOMECHANICS 
The ACL mainly consists of a well-organized parallel bundles of collagen [191]. The ACL 
originates from the medial surface of the lateral femoral condyle posteriorly in the intercondylar 
notch and attached medially to the anterior intercondylar area of the tibia and partly blending 
with the anterior of the lateral meniscus. ACL ascends posterolaterally, twisting and fanning out 
to attach to the posteromedial aspect of the lateral femoral condyle (Figure 2). The length of the 
 3 
ligament is about 31 to 38 mm and having an average width 10 to 12 mm [66, 127, 168].  Amis 
et al. divided the ACL into three functional bundles (anteromedial, intermediate, and 
posterolateral) and studied their contributions to resisting external loads in cadaver knees [6]. 
Changes in the bundles’ length during flexion and extension were also measured (Figure 3). 
They found that the posterolateral bundle was stretched in extension while the anteromedial in 
flexion. Also, multiple studies suggested that the ACL can be divided into two functional and 
anatomic distinct bundles: the anteromedial (AM) and the posterolateral (PL) bundle (Figure 2) 
[195]. This classification is based on their tibial insertion sites, and this division can be achieved 
by the varying orientation and tensioning patterns of the fibers during knee range of motion [25]. 
The AM fibers originate on the most proximal part of the femoral origin and insert on the 
anteromedial aspect of the tibial insertion site. The PL fibers originate on the most distal aspect 
of the femoral origin and insert on the posterolateral aspect of the tibial insertion site [190].  
The ACL is the main static stabilizer preventing anterior translation of the tibia on the 
femur and accounts for up to 86 % of the total force resisting anterior loading of the tibia. At 
different stages of knee flexion, distinct portions of ACL appear to act to stabilize the knee joint. 
The AM bundle becomes taut at 90 degrees of flexion, and PM bundle becomes tight at full 
extension[114]. The ACL also plays a lesser role in resisting internal and external tibial 
rotation.  The ultimate load of the femur-ACL-tibia complex was found in Woo et al. study to be 
approximately 2160 ± 157 N when tested in its anatomical orientation, which is less than the 
maximum force that occurs in vigorous athletic activities[181].  Laboratory studies have 
determined load-elongation curve of a bone-ligament-bone complex by a uniaxial tensile test. 
The stress–strain relationship can also be obtained, from which the modulus, tensile strength, 
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ultimate strain and strain energy density can be measured to represent the mechanical properties 
of the tissue [99, 114].  
 
 
Figure 2: Anterior view of a left knee depicting the anteromedial (AM) bundle and posterolateral 
(PM) bundle of the ACL (Ziegler et al.) 
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Figure 3: Mean length change patterns for the three ACL bundles during flexion in neutral rotation. 
AMB anteromedial bundle, IB intermediate bundle, and PLB posterolateral bundle (Amis and Dawkins, 
1991) 
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1.3 TREATMENT AND ACL RECONSTRUCTION 
Because the ACL is often permanent stretched during injury, the tissue usually cannot be 
repaired. Those who are not very active may choose non-operative treatment, such as 
strengthening program, since the injury is not likely to interfere with their daily activities. 
Active, athletic people are more likely to opt for surgery, so that the knee can be repaired and 
rehabilitated and they can return to their activities. To surgically repair the ACL and restore knee 
stability, the ligament must be reconstructed. Grafts choices, tunnel placement, initial tension, 
fixation angle are among those essential factors that need to be considered in surgery. During the 
past forty years, there has been an extensive evolution of the surgical procedures for repair or 
reconstruction of the ACL. The ultimate aim of an ACL reconstruction is to restore the function 
of the intact ACL. In the 1970s, a trend towards repairing ACL was started by surgeons who 
thought the ACL performed an important function. Repair of the ACL with augmentation using 
autografts was altered in the 1970s and early 1980s by completely replacing the torn ligament 
with autografts and occasionally allografts [35, 129]. In 1990s, transtibial technique was 
suggested, which is non-anatomic, but quick technique. With this method the femoral tunnel 
drilled with offset guide through the tibial tunnel. Some researchers found that the non-anatomic 
transtibial techniques resulted in high percentage of osteoarthritis(OA)[22, 56, 167]. Numerous 
experiments and numerical studies have been done and there are several surgical variables in 
ACL reconstruction that relate to the result. Among them, reconstruction technique (double-
bundle or single-bundle technique), graft choice, initial tension and tunnel placement are thought 
to be the most critical surgical variables. 
The complex anatomy and the biomechanical function of the ACL have been well 
described by numerous authors.  When trying to restore the intact ACL function, there are two 
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classifications of ACL reconstruction in general: single bundle reconstruction (SB), where the 
torn or injured ACL is replaced by a single graft, and double bundle (DB) ACL reconstruction, 
where the torn or injured ACL is replaced by two grafts (Figure 4). However, there is still 
controversial about which technique better restores intact ACL behavior. Until recently, SB ACL 
reconstruction was the primary method used by surgeons. However, some biomechanical studies 
have shown that SB reconstruction can effectively restore the anterior laxity associated with a 
deficient ACL, but is ineffective in restoring rotational laxity associated with a combined rotary 
load of internal and valgus torque [30]. Double-bundle (DB) ACL reconstruction replaces the 
two functional bundles of the ACL with two grafts. It is believed that the addition of a second 
graft mimics the behavior of the more posterior and lateral PL bundle of the native ACL, thereby 
increasing rotational stability [183]. Woo et al. believed that some of the failures after ACL 
reconstruction occurred because single bundle ACL reconstruction was insufficient to control 
combined internal and valgus torques applied to the knee [180]. Several investigators have 
reported improved ability to restore knee function after double bundle ACL reconstruction 
technique was used  [6, 112, 119, 155, 186]. Despite these findings, Radford et al. in their study 
concluded that two femoral attachment sites were not superior to a single site in a sheep model of 
ACL reconstruction, probably because of the more complex surgery [146]. Likewise, Hamada et 
al, comparing two case series, found no evidence that using a bi-socket ACL reconstruction in 
humans improved results compared with a single-socket technique[68]. Adachi and colleagues 
also found no evidence that a two tunnel hamstring autograft better restored normal knee laxity 
than a single-tunnel procedure [1].  
The ideal graft should reproduce the complex anatomy of the native ACL, provide the 
same biomechanical properties of the native ACL, permit secure fixation, promote rapid biologic 
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incorporation to allow for accelerated rehabilitation, and minimize donor site morbidity. 
Although many different types of grafts,  both autogenous and allogenic, have allowed athletes to 
return to their sport, no single graft choice meets all of the above criteria [60, 126, 163]. 
Commonly used autogenous grafts include bone-patella-tendon-bone (BPTB), quadrupled 
hamstring tendon and quadriceps tendon with or without bone. Allograft options include BPTB, 
hamstring tendon, Achilles tendon, and anterior or posterior tibialis tendon. The advantages of 
using a BPTB graft are lower rate of graft failure, sufficient strength, a natural tissue insertion to 
the bone and the bone plug to bone tunnel fixation. A disadvantage is donor site morbidity.  
Advantages of a hamstring graft includes adequate strength and little donor site morbidity. But 
higher rate of graft failure and increased knee laxity come are disadvantages [53, 59, 65]. 
Autogenous tissue for ACL reconstruction has been associated with knee pain, decreased range 
of motion and weakness [12, 59]. It also leads to longer recovery and rehabilitation time. 
Allograft concerns include risk of disease transmission, bacterial infection, and the possibility of 
immunogenic response by the host [40]. There are also concerns with altering graft mechanical 
properties by sterilization and storage procedures. The advantage of an allograft is decreased 
operative time, lower incidence of arthrofibrosis and preservation of extensor or flexor 
mechanisms [15, 74, 175]. Both autograft and allograft techniques have successful short-term 
results, but five-year follow-ups yield instability and pain [52]. 
Most surgeons would agree that the initial tension applied to an ACL graft at the time of 
fixation has a direct effect on outcome [5, 61, 69, 85, 116, 189]. An under-tensioned graft may 
result in abnormal knee laxity and an unstable knee, and an over-tensioned graft may lead to 
graft failure, fixation failure, or a restricted range of knee motion. Graft tensioning at the time of 
fixation involves consideration of the knee’s flexion angle during tensioning and the magnitude 
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of tension applied to the graft. Both variables interact and have a direct effect on knee 
biomechanics. 
Tunnel placement could also affect ACL surgical outcome. Misplacement of the tunnels, 
which is not precisely defined, can result in decreased range of knee motion or increased anterior 
tibial translations (ATT) and knee instability[5]. However, the best tunnel placement still 
remains controversial [21, 100, 120, 192]. The ACL has a complex, 3-dimensional attachment to 
bone. The femoral insertion of the ACL does not insert on a flat area that is aligned two an 
anatomical plane, instead, it is located on a curved surface, with the wall of the femoral notch 
becoming the roof of the femoral notch.  In addition, the tissue fans out at the insertion sites.  
Femoral tunnel widening, an increase in the tunnel size after reconstruction, is a complication of 
ACL reconstruction [3, 50, 83, 176]. Mechanical explanations for the widening include the 
“windshield wiper” effect as the graft moves along the tunnel edge during knee motion [101].  
Also, in ACL reconstruction with a soft tissue graft, a space is frequently observed between the 
posterior aspect of the femoral tunnel wall and the placed graft at the tunnel. This may be 
attributable to a size difference between the graft and the tunnel and graft deformity. 
Nonetheless, a correlation between tunnel widening and any single factor has not been 
demonstrated.  Studies suggest that even though the femoral tunnel center is positioned in the 
center of the ACL footprint, the centroid of the graft may be deviated from the footprint center 
due to graft deformation and  graft shift [121, 124, 162]. However, no biomechanical study has 
described the graft shift phenomenon. 
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Figure 4:  double-bundle(DB) and single-bundle(SB) ACL reconstruction (www.arthrex.com) 
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2.0  FINITE ELEMENT MODELING OF ACL 
The finite element (FE) method has been widely used in the field of biomechanics as it allows 
for detailed analysis of the joint and tissue behavior under complex, clinically relevant loading 
conditions. There are a few essential components in finite element model analysis, which remain 
the same through all problems: model geometries, material properties, initial, boundary, and 
loading conditions. Models of the ACL can include complicated three-dimensional geometry, 
nonlinear and/or inhomogeneous material properties, and complex initial, boundary and loading 
conditions. The FE method has been a  tool for analyzing the stress and stains outcomes of ACL 
related reconstructions [10, 13, 18, 48, 91, 107, 135, 149]. A number of items must be considered 
to apply the FE method correctly in the modeling of ACL.  
Three-dimensional continuum models have been developed to represent the material 
behavior and the role of ligaments through constitutive equations. Constitutive equations are 
used to describe the stress-strain behavior of materials through specification of the dependence 
of stress on variables, such as the deformation. Applications range from very simple (e.g. linear 
beams and springs) to complex models (e.g., anisotropic hyperelastic 3D materials, or biphasic 
formulations). The accurate description of the three-dimensional mechanical behavior of 
ligaments remains a challenge. Researchers have tried to describe the stress-strain response of 
ACL by experimental tests and mathematically developing material models that fit the 
experimental data [26, 64, 75, 142, 143, 177]. A typical stress-strain plot of uniaxial loading of 
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ACL along the long axis is shown in Figure 5 [153]. The stress-strain curve for ligaments 
possesses a toe region for uniaxial loading. One theory to explain the toe region is the sequential 
recruitment of collagen fibers. As the ligament is stretched, additional fibers are recruited to bear 
load and when a critical stretch is reached all fibers are recruited and the stress-strain behavior 
becomes linear [38]. 
 
Figure 5: A typical stress-strain plot of uniaxial loading of ACL along the fiber direction ( Robi, 
2013) 
 
 
 Table 1 gives a list of studies that focused on characterizing the ACL material properties 
and developing models. Butler et.al [26] measured the ACL axial surface stain and described the 
stress and strain response. They first proposed an equation for describing the nonlinear stress-
strain curve of the ACL. Weiss et. al [177] mathematically developed an ACL model by 
assuming the ACL as a incompressible, isotropic and hyperplastic material. Based on previous 
work, Pioletti and coworkers [142–144] developed a hyper-elastic, incompressible, and 
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viscoelastic isotropic law. In this formulation, the elastic part is based on the isotropic Veronda–
Westmann [174] material law and the novelty is mainly the viscous behavior. Veronda proposed 
an elastic potential that fits the non-linear elastic stress-strain curve of the ACL.  
                                                    2-1 
α, β and C1 are elastic parameters. I1, I2 are the invariants of the right Cauchy-Green strain tensor. 
Another constitutive model which is more complex but more realistic in describing ACL 
and graft behavior, is also widely used [75, 134]. It describes an incompressible, fiber-reinforced 
material able to simulate large displacements. This material model was designed to fit the 
response of the biological soft tissues, especially ligaments, based on experimental data. The 
ground substance matrix of the tissue is modelled with neo-Hookean material which is 
incompressible isotropic hyperelastic. With this model, the strain energy is expressed as 
                                                                      2-2 
and the stress-stretch curve of pseudo fibers is given by: 
                                          2-3 
                                                       2-4 
where λ is the stretch along the fiber direction, and C1 through C5 and λ* are material constants, 
which are to be determined through material testing [27, 151, 181].  
The Holzapfel–Gasser–Ogden (HGO) model [64, 78] was initially developed to describe 
the elastic properties of arterial tissue, but is now used for modelling a variety of anisotropic 
hyper-elastic fiber reinforced materials. When the incompressibility condition is adopted the 
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strain energy Ψ of the HGO model is a function of one isotropic and two anisotropic deformation 
invariants:  
                                         2-5 
                                                                   2-6 
                                        2-7 
where c, k1, k2> 0 are material parameters, I1 through I6 are invariants, defined by 
𝐼𝐼1 = 𝑡𝑡𝑡𝑡 𝐂𝐂 , 𝐼𝐼4 = 𝐌𝐌4 · (𝐂𝐂𝑀𝑀4) and 𝐼𝐼6 = 𝐌𝐌6 · (𝐂𝐂𝐌𝐌6). where 𝐂𝐂 = 𝐅𝐅𝑇𝑇𝐅𝐅 is the right Cauchy–Green 
tensor, where F is the deformation gradient tensor, and 𝐌𝐌4, 𝐌𝐌6 are unit vectors pointing in the 
direction of the tissue's fibers before any deformation has taken place. This model provides the 
anisotropy property and “exponential-shaped” stress–strain curve common to many biological 
materials. However, as it is a phenomenological model, the parameters c, k1 and k2 cannot be 
directly linked to measurable quantities. These parameters are chosen to fit the experimental data 
and can be obtained by curve fitting to experimental data. 
 
 
 
 
 
 
 
 
 15 
Table 1. Previous studies on ACL material property & model  
Author (year) Type Material Parameters 
Butler (1990) Experimental ACL (1. measure axial surface strain 2. 
describe stress-strain response 
Yes 
Weiss (1996)  Mathematical Soft tissues (incompressible, isotropic 
hyperelasticity) 
No 
Pioletti (1997) Experimental 
& 
mathematical 
Ligament and tendon -isotropy, 
incompressible (Veronda and Westmann, 
1970) 
Yes 
Pioletti (1998) Experimental ACL - (Veronda and Westmann, 1970) Yes 
Hirokawa 
(2000) 
Mathematical ACL: ground substance (Mooney-Rivlin 
material, Oden, 1972) + fibers 
No 
Gasser (2006) Mathematical Criss-crossed fibrous soft tissues 
(hyperelastic, anisotropic) 
No 
 
In the finite element study of the ACL, implementation of material models and properties 
has been performed for decades, a wide range of element types and material models has been 
used to represent knee ligaments, ranging from elastic one-dimensional elements [18, 105] to 
complex hyperelastic three-dimensional structures with anatomically realistic shapes [94, 136].  
 
 
Table 2 shows a list of finite element modelling studies of the ACL including the sources 
of the ACL and bone geometry as well as the material model used. 
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Song et al. modelled the ACL as incompressible hyper-elastic homogeneous isotropic 
material [142] to calculate force and stress distribution within the AM and PL bundles [169]. The 
geometry of ACL was modelled as a cylinder that joined the insertion sites. Kinematics from 
robotic system with anterior tibial load of 134N was applied as the boundary conditions. Initial in 
situ strain of the AM and PL bundles was assumed to be 3%. 
Limbert et.al [107] modelled the ACL as a neo-Hookean incompressible isotropic hyper-
elastic ground matrix, plus a fiber reinforced composite. Both the geometry and applied 
kinematics were obtained by digital measurements. Simulations of passive knee flexion were 
performed with and without an initial stretch of 1.043, force and stress distribution within the 
ligament were then assessed. 
In the Park et. al[134] study, the finite element method was implemented to assess ACL-
bone impingement. The ligament surface was obtained by using a digitizing probe. The geometry 
of the femur and the tibia was measured by using a laser scanner (LPX-250, Roland Corp., 
rotary). In their model, the ACL was modeled as a composite structure consisting of pseudo 
fibers embedded in an isotropic hyperelastic incompressible neo-Hookean material matrix as 
described by Hirokawa [75]. Material parameters were determined by their previous material 
testing[151]. Displacement boundary conditions was measured tibiofemoral kinematics by 
tracking markers when the knee was manually flexed. 
In the Bae et. al finite element study, contact pressures between graft and bone and 
maximum principal stresses in the grafts were calculated. The geometry of bone was taken from 
CT images. The graft was modeled as cylinder and considered as a hybrid hyperelastic material 
model with neo-Hookean ground matrix and graft collagen fiber data from literature [13]. An 
Initial tension of 44 N was applied to the graft to simulate the clinical process. 
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Table 2. Previous studies on finite element modeling of ACL 
Author (year) Geometry(Bone/Lig
ament) 
ACL Property 
Bendjaballah (1997) CT Nonlinear stress strain data from literature 
(Butler, 1986, Race,1994) 
Pioletti (1998) MRI isotropy, incompressible, hyper-elastic 
(Veronda, 1970, Pioletti 1997) 
Li (1999) MRI Stress strain data from (Blankevoort et al., 
1991, Andriacchi et al., 1983; Butler et al, 
1986; Wismans et al, 1980) 
Song (2004)  MRI Incompressible hyperelastic homogeneous and 
isotropic (Veronda and Westmann, 1970, 
Pioletti et al., 1998). 
Limbert（2004） Laser scanner  incompressible isotropic hyperelastic potential 
-neo-Hookean fiber reinforced composites 
(Pioletti et al., 1997, Bates & Watts 1998.) 
Ramaniraka (2005) CT & MRI nonlinear hyperelastic (Pioletti et al., 1998; 
Pioletti and Rakotomanana, 2000) 
Pena (2006)  MRI Graft tissue matrix -neo-Hookean (Weiss et 
al., 1996 and Pena et. al, 2005) +Graft 
collagen fiber (Butler et al. 1990) 
Park (2010)  Laser scanner & 
digitizing probe 
Isotropic hyperelastic ground substance matrix 
-neo-Hookean + Pseudo fibers (Weiss et al., 
1996, Ren et al., 2010) 
Kiapour (2014) CT  & MRI anisotropic hyperelastic -Holzapfel-Gasser-
Ogden (Gasser et al. 2006, Butler et al. 1990) 
Bae (2015) CT neo-Hookean (Weiss et al., 1996 and Pena et. 
al, 2005) + graft collagen fiber (Suggs et al. 
2003) 
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In addition to the non-linear elastic response, ligaments exhibit time and history 
dependent visco-elastic properties that arise from the interaction between the water and the 
ground substance matrix. There have been numerous experimental investigations into the 
viscoelastic properties of ligaments, as well as attempts to characterize these properties with 
models [135, 142]. The results of experimental studies have concluded that the material response 
of ligament if relative insensitive to strain rate over several decades of variation [142, 168]. In 
addition, ligaments reach a pre-conditioned state after repeated loadings, and there is minimal 
amount of hysteresis (Weiss 2001). Therefore, in a lot of finite element modeling of ligaments, 
the inclusion of viscoelastic properties was neglected, and the focus was on the non-linear elastic 
response. 
For the bones in the FE knee model, the geometries were often obtained through CT 
scanning or MR imaging. Human bone properties have been well studied experimentally[24, 33, 
115, 154, 188, 196]. Zysset et al. measured the elastic properties of bone by a nanoindentation 
technique with a custom irrigation system was used for simultaneously measuring force and 
displacement of a diamond tip pressed 500 nm into the moist bone tissue[196]. The measured 
elastic moduli ranged from 6.9±4.3 GPa in trabecular bone and up to 25.0±4.3 GPa in cortical 
bone. However, when the bone was involved in finite element studies together with soft tissues, 
it is usually considered as rigid due to its small strain under loading. 
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3.0  OBJECTIVE AND SPECIFIC AIMS  
The objective of this dissertation is three-fold: (1) to measure the strain in the AM and PL bundle 
of the ACL to provide more information of intact ACL behavior under different knee motions 
and loads; (2) to measure the position of the ACL graft in tunnel in reconstructed knees under 
different knee motions and loads; and (3) to develop a finite element model capable of assessing 
the graft movement in the tunnel; and assess the strain and stress of the graft under different knee 
loading conditions. To this end, three specific aims are proposed. They are summarized in the 
following sections and illustrated is Figure 6. 
 
Figure 6:  Schematic of proposed methodology 
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3.1 SPECIFIC AIM 1: MEASURE STRAINS IN ANTEROMEDIAL AND 
POSTEROLATERAL BUNDLES OF THE ACL UNDER DIFFERENT KNEE 
LOADING CONDITIONS 
The first aim of the study is to measure the strains in AM and PL bundles during knee flexion-
extension and under external loads. Multiple researchers have stated that the ACL consists of 
two major fiber bundles, namely the anteromedial and posterolateral bundles[30, 46, 47, 139, 
145]. Observations that are made that when the knee is extended are that the PL bundle is tight, 
and the AM bundle is moderately lax. As the knee is flexed, the femoral attachment of the ACL 
has a more horizontal orientation; causing the AM bundle to under tension and the PL bundle to 
relax[114, 190]. Although, there is some degree of variability for the femoral origin of the AM 
and PL bundle, the AM bundle is generally located proximal and anterior in the femoral ACL 
origin, high and deep in the notch when the knee is flexed at 90º degrees and the PL bundle starts 
in the distal and posterior aspect of the femoral ACL origin, shallow and low when the knee is 
flexed at 90 degrees. At the tibial insertion, the ACL fans out to form the foot region. The AM 
bundle insertion is in the anterior part of the tibial ACL footprint, while the PL bundle in the 
posterior part[34, 139]. While the AM bundle is the primary restraint against anterior tibial 
translation, the PL bundle tends to stabilize the knee near full extension, particularly against 
rotatory loads[140]. With this anatomical knowledge, more information about the strain in these 
two bundles under different loading conditions with non-contact measurement can provide a 
better understanding about the intact ACL behavior, injury mechanisms, and with assist 
anatomical reconstruction of ACL. 
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3.2 SPECIFIC AIM 2: MEASURE ACL GRAFT POSITION IN TUNNEL 
UNDER VARIOUS KNEE MOTIONS AND LOADINGS 
The second aim of the study is to measure the graft position in femoral tunnel during flexion- 
extension and under external loads. Femoral tunnel widening is a complication of ACL 
reconstruction[36, 50]. Studies imply that biological as well as mechanical factors can play a role 
in enlargement [1,2]. Mechanical factors that can contribute to tunnel enlargement include stress 
deprivation of bone within the tunnel wall, improper tunnel placement, aggressive rehabilitation 
and so called the “bungee effects” and “windshield wiper effects” as the graft moves inside the 
tunnel during knee motion[101]. There are also debates about graft tunnel position and the 
amount of the insertion site that should be reconstructed. Studies suggest that even though the 
femoral tunnel is positioned in the center of the footprint, the centroid of the graft may be 
deviated from the footprint due to the graft shift[121, 124]. Some studies have suggested altering 
tunnel position because certain regions of the ACL insertion site carry a greater percentage of the 
load since the graft is not centered in the tunnel[62, 89, 122]. Nonetheless, a correlation between 
graft position change and knee motion has not been demonstrated. Further study of ACL graft 
function could afford a better understanding of abnormal as well as normal graft function. 
3.3 SPECIFIC AIM 3: DEVELOP A FINITE ELEMENT MODEL OF THE 
GRAFT AND TUNNEL FOR SINGLE BUNDLE ACL RECONSTRUCTION 
The third aim of the study is to model the reconstructed knee with finite element method and 
calculate the position and force of the graft during flexion-extension and under external loads. 
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The finite element method has been a  tool to analyze the stress and stains outcomes of ACL 
related reconstructions[13, 95, 135, 136]. Anatomic ACL reconstruction is a popular approach 
for single-bundle ACL reconstruction[117, 186, 187]. The effects of different tunnel position and 
graft fixation have been explored extensively in experiments, however, little work has been done 
in modeling these differences. In this part, finite element method will be used to model the ACL 
graft in single-bundle anterior cruciate ligament reconstruction. A geometric model of the 
anatomical reconstruction will be fabricated with CT images of a reconstructed knee joint model 
and virtual surgical operations. The position of the graft in the femoral and the tibial tunnel, the 
tunnel-tunnel lengths, the graft tension and the contact pressures will be calculated and evaluated 
with different external loadings and flexion angles.  
3.4 SUMMARY 
The first specific aim, characterizing the strains in the AM and PL bundle under loading, has 
been partially addressed in previous work by others[114, 190]. However, many of these studies 
have used strain gauge transducer in their tests. In addition to containing a more comprehensive 
description of behavior of AM and PL bundle, this work presents a novel non-contact 
measurement method that are capable of quantifying strain distributions in two bundles of ACL 
to characterize the behavior of the ACL. Chapter 4 outlines the experimental design of robotic 
testing, surgical procedure and strain measurement of intact ACL, and analysis of the strain of 
AM and PL bundles. 
The experimental design for the ACL reconstruction and graft shift in tunnel are given in 
Chapter 5. Anatomical single-bundle ACL reconstruction will be done using a hamstring graft, to 
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provide more insight into the graft position change it the reconstructed knees. The results of the 
analysis are used to assess the overall graft position in femoral tunnel during flexion extension 
and under various external loadings, with respect to a coordinate system that setup based on 
anatomical landmarks. 
The finite element model formulation of the ACL reconstruction is given in Chapter 6 
along with a description of the material properties and implement of the model. To understand 
the mechanical behavior of the ACL graft in tunnel is currently not possible in clinic and the 
finite element method can give a more detailed knowledge about the ACL graft in the tunnel.  
The objective of this work is to develop a hyper-elastic, finite deformation finite element model, 
to study the stress and strain of ACL graft in reconstructed knees. 
In the current research, the following hypotheses will be addressed: (1) AM and PL 
bundle possess different patterns of strains under different knee motions; (2) The ACL graft 
changes position in the tunnel with knee motion; and (3) FE modeling can predict strain outcome 
of experiment describe experiment. Ultimately, the information gained from this research will 
lead to an improved approach towards intact ACL behavior, their risk of tear and the clinical 
management of ACL reconstruction. 
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4.0  DETERMINE STRAINS IN AM AND PL BUNDLES UNDER DIFFERENT 
LOADING CONDITIONS 
The three-dimensional (3D) deformation of the anterior cruciate ligament (ACL) of the knee can 
play an important role in the understanding of the biomechanics of ACL injury. This chapter 
describes the experimental study to determine strains in AM and PL bundles under different 
loading conditions. Previously, several techniques have been utilized to measure the strain of the 
two bundles of the ACL, including MRI, strain gauge, etc. Given that that the ACL has a 
complex three-dimensional shape with local changes in two bundles, the assessment of ACL 
strains is difficult. This chapter outlines the experiment setup and methods that where developed 
to measure the strains in AM and PL bundle of the ACL. This work advances previous strain 
measurements by including surface strain changes of two bundles. 
4.1 BACKGROUND AND SIGNIFICANCE 
Many ACL injuries do not involve direct physical contact at the time of injury [8, 43, 54]. 
Multiple studies have shown that the cause of ACL ruptures include an axial impulsive loading 
of the knee joint combined with a valgus knee moment, often combined with internal or external 
tibial rotation [23, 96, 152]. The foundation for the current hypothesis, that AM and PL bundle of 
the native ACL possess different patterns of strains under different knee motions, lies in the 
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analysis of native ACL under various loadings.  Information on the strains in the bundles is 
useful in establishing clinical criteria for reconstruction and rehabilitation of the ACL. Therefore, 
the measurement of strain of the AM and PL bundles can provide important information is of 
clinical value.   
Early measurements of strain in vivo used the Hall effect strain transducer (HEST) to 
measure the displacement behavior of the ACL and calculate its strain response, Renström et al. 
measured ACL strain during simulated hamstring activity and quadriceps activity using a 
HEST[152]. Access to the ACL was gained through a medial parapatellar incision. The 
transducer was firmly sutured of its attachments to the lower portion of the AM bundle of the 
ACL. After the transducer was attached, the capsule was then repaired with sutures. By applying 
quadriceps and hamstring loads using a servo-hydraulic testing system (MTS), the mean passive 
normal strain pattern was measured. 
More recent studies have used a differential variable reluctance transducer (DVRT) to 
measure strain. Cerulli et al. measured ACL strain in vivo during rapid deceleration. A DVRT 
was calibrated and surgically implanted in the antero-medial band of the intact ACL[28]. The 
subject the hopped as quickly as possible from a distance of 1.5 m to the target, landing with the 
instrumented left leg and stopping in the landed position. The results showed an average peak 
strain of the ACL during the instrumented Lachman test of 2.00±0.17%. The average peak strain 
of the ACL during the rapid deceleration task was 5.47±0.28%. They also concluded that the 
DVRT technique may be used in further sport-specific movements to gain insight into movement 
patterns associated with ACL injury mechanisms. The primary advantage of using the DVRT in 
comparison to the HEST is that it has enhanced accuracy, improved precision, and its calibration 
does not need to be performed at the working temperature of the sensor. In the Beynnon et al. 
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literature review, they chose the use of the DVRT over the HEST because it has substantially 
better performance characteristics and possible capability of minimizing the variability in the 
study[19].  
However, pointwise measurements, such as the ones provided by strain gauges, 
sometimes are not sufficient to fully measure ACL regional strain in an experiment. Full-field 
measurements through visualization of strain gradients and concentrations produces a more 
complete description of the behavior of biological specimens during tests. Also, contactless 
measurements enable the measurement of strain without disturbing the local mechanical 
response of the material. Ellis et al. used reflective markers in their study of measuring MCL 
strain under loads[48]. A digital motion analysis system consisting of two high-resolution digital 
cameras and digital motion analysis software was used to to record MCL strain in the 
measurement regions and joint kinematics simultaneously. 
Digital image correlation (DIC) is an alternate method of noncontact strain measurement.  
It based on the analysis of sets of images of the marked surface of the specimen in the un-
deformed (reference) and deformed states. DIC can be implemented both in a two-dimensional 
(2D-DIC, with a single camera) and a three-dimensional (3D-DIC, using two or more cameras) 
situations. With this the imaging processing defines unique correlation areas known as macro-
image facets, typically 15–30 pixels square, across the entire imaging area. Each facet is a 
measurement point that can be thought of as an extensometer point and strain rosette. These 
facets are tracked in successive images. Through interpolation and the overlap of adjacent facets, 
sub-pixel accuracy is obtained in terms of displacement from which the strains can subsequently 
be calculated. A matching algorithm is used to match the facets between the reference and 
deformed states. The displacement field is then computed. Subsequently, the strain field is 
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obtained by derivation [159, 160]. Many new algorithms and methods have been proposed and 
developed for large displacements and rotations, so that the DIC can be applied to more 
applications [58, 110, 132, 194]. The DIC technique can be used for many tests including tensile, 
torsion, bending and combined loading for both static and dynamics applications. 
For an optimal use of DIC, the surface of interest must have a random pattern, which 
deforms together with the specimen surface. Palanca et al. concluded in their study that to ensure 
accuracy and precision of the computed displacements and strains, the speckle pattern should 
meet some requirements [131]: 1). random distribution, to make each area of the surface of the 
specimen univocally identifiable; 2). High contrast, to allow the image correlation algorithm 
works effectively; 3). Speckle/background ratio of 50:50, to avoid regions that cannot be 
properly recognized; 4). The size of the speckle dots (in relation to the specimen size), in order to 
optimally exploit the resolution of the camera [17, 39, 102, 108, 133, 160].   
4.2 METHODS 
4.2.1 Specimen preparation and Robotic testing 
With institutional approval, six intact fresh frozen cadaver knees were used in this study. 
Samples were frozen at -20 C°, and thawed the night before testing at room temperature. The 
knees were inspected arthroscopically before testing for any tissue abnormalities or arthritis. The 
tibia and femur were cut15 cm from the joint line and the ends of femur and tibia were potted in 
epoxy [157].  
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For the biomechanical testing, a 6 degree of freedom (DOF) robotic (CASPAR Stäubli 
RX90 Orto MAQUET, Germany) and a universal force sensor (UFS) (Model 4015; JR3 Inc., 
Woodland, CA) system were used. The robot has an end-effector position repeatability of ±0.02 
mm translation and ±0.02° rotation. The UFS has accuracy of ±0.2 N for force and ±0.1 N m for 
moments according to the manufacturer[87, 90, 157]. The potted tibia and femur were placed 
upside down with tibial cylinder connected to the robotic arm and the femoral cylinder was fixed 
to a stationary base. The passive path of flexion-extension of the intact knee joint was 
determined by the robotic testing system by minimizing all external forces and moments applied 
to the joint throughout the range of flexion from full extension to 90° flexion with 0.5° 
increments. The positions were accepted if the external loading less than 0.5 N for forces and 
0.25 N·m for moments [42]. 
The knee joints were tested under the  loading conditions: (1) an 89.0-N anterior tibial 
(AT) load (simulated KT1000 test) to test anterior tibial translation (ATT) (mm) [150], (2) a 5.0-
Nm internal tibial torque to test internal rotation (IR) (degrees), (3) a 5.0-Nm external tibial 
torque to test external rotation (ER) (degrees) [90] and (4) a 7.0-Nm lateral bending moment to 
test valgus rotation (degrees).  The anterior tibial load was applied at full extension (FE), 15°, 
30°,45°, 60° and 90° flexion, and internal/external and valgus rotational loads were applied at 
full extension (FE), 15° and 30° of knee flexion [87]. After robotic testing, all muscles, the PCL, 
and the menisci were removed, and a portion of condyles were removed to allow visualization of 
the ACL. In all specimens, the same surgeon performed the dissection. The previous passive 
paths under loads and flexion were then replayed by the robotic system so that the dissected 
knee’s position was the same as that of the intact knee.  
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4.2.2 Strain measurement and analysis 
4.2.2.1 Digital Image Correlation (DIC) Measurement 
The procedure for DIC measurement of the ACL strain is shown in Figure 7. DIC is an 
optical method for strain measurement that uses image recognition to analyze and compare 
digital images acquired from a marked surface. It is a three-dimensional, full-field, non-contact 
optical technique to measure contour, deformation, vibration and strain. It can measure arbitrary 
displacements and strains from 50 microstrain to 2000% strain and above, for specimen sizes 
ranging from <1mm to >10m. By tracing a randomly applied high contrast speckle pattern, 
displacement and strain in the specimen can be calculated from the images. With the use of the 
two cameras taking images of the same object at an angle, photogrammetric principles can be 
used to calculate the precise 3D coordinates of points on the surface. In this way, a high-
resolution three-dimensional maps of strain magnitude, gradient and distribution can be obtained 
[111].  
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Figure 7: Flowchart of testing and DIC strain measurement. 
 
Prior to the testing, the ACL was prepared with random black speckle pattern using an 
alcohol-based black ink (Figure 8). The speckle pattern was manually applied by carefully 
flicking a soft toothbrush dipped with the ink. The speckle size and density were controlled by 
adjusting the distance of the toothbrush from the specimen. The deformation of the ACL during 
movement was recorded through a three-dimensional DIC system with two charge-coupled 
device (CCD) cameras (Point Grey, Gras-20S4M-C) with a resolution of 1624 x 1224 pixels and 
pixel size of 4.4 µm.  
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Figure 8: Dissected and prepared sample with random speckle pattern. 
 
To assess strain in the different bundles of the ACL, the AM and PL bundles were first 
identified. For the identification of the different regions of the ACL (AM vs. PL), the description 
from previous studies was utilized[45, 47, 70, 72, 114, 170, 191].  Harner et al. found that the 
divisions into AM and PL bundles can be consistently performed during arthroscopic surgery in 
intact ACL. The AM and PL bundle and their insertions were found to be consistent and 
reproducible from specimen to specimen [70]. The line of separation between the AM and PL 
components ran anterior to posterior, separating a proximal and distal region on the femur. On 
the tibia, the line of separation runs anterior to posterior, separating the ACL into an anterior and 
posterior (Figure 8) [70]. The insertions sites of the AM and PL bundles of the ACL was 
determined for each specimen by single surgeon. After dissection and speckle preparation, the 
specimen was put back on the experimental test set up. Based on the location of two bundles, the 
cameras were then placed anteromedially when measuring AM bundle and were moved to 
posterolateral position for measuring PL bundle (Figure 9). Cameras were placed at positions to 
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keep the regions of interest in full view of the cameras throughout the entire flexion range. 
Between different samples, the position of cameras had to be adjusted slightly due to the 
variations in each sample such as knee size, ACL rotation and position in robot. However, before 
measurement, the relative position of the cameras with respect to each other and to the target was 
calibrated using a high-precision 11 mm × 7 mm calibration pad (Figure 9). Calibration precisely 
calculates the cameras’ intrinsic and extrinsic parameters while triangulating the cameras’ 
positions and removing lens distortions.  This removes any measurement bias and defines a 
three-dimensional coordinate system on the specimen’s surface. All samples were calibrated with 
same cameras and calibration pad. Due to cameras’ limited range of focal length, they were 
placed approximately same distance away from the specimen for each sample. 
 
 
Figure 9: The placement of cameras for measuring the strain of AM and PL bundles on a 
representative right knee model and the cameras calibration.  
 
For measuring AM and PL bundles’ strain during flexion/extension, images were taken at 3˚ 
intervals where the knee was brought from full extension (approximately 0º) to 90º of flexion. 
Under external loads, images were taken at 0.5mm intervals for translation loads (AT, PT), and 
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0.5° intervals for rotational loads (IR, ER, VAL). A software package (VIC3D, Correlated 
Solutions Inc., Columbia, SC) was used to analyze the strain at each flexion angle and loadings 
using the camera images (Figure 10). The tissue was kept hydrated throughout testing by with 
0.9% saline.  Outline of the AM or PL bundle was selected in the camera images. The 
longitudinal strain was defined as the strain along AM or PL bundle’s longitudinal axis, which 
was defined from camera images in the software (VIC3D, Correlated Solutions Inc., Columbia, 
SC) by selecting the direction that along the direction of stretched fibers under anterior tibial 
load  (Figure 10). Transverse strain was the strain along an axis perpendicular to the longitudinal 
axis in the measuring plane. And the shear strain was defined as strain along an axis angulated at 
45˚ to the longitudinal and transverse axis. As strains were calculated with respect to the 
reference image, in measuring strain during knee flexion the reference images were taken at full 
extension position. While in measuring strains of two bundles under external loads, reference 
images were taken at a given flexion angle without any external loads.  
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Figure 10: a) Camera setup and robotic testing with femur fixed to the base and tibia connected to 
the robot; b) Image of sample from reference camera; c) longitudinal strain distribution in the ACL with 
camera coordinate system; d) defining local coordinate system based on orientation of bundles; e) 
longitudinal stain based on new coordinate system 
4.2.2.2 Measurement of Strain with Markers  
Flowchart of ACL strain measurement with bead markers and laser scanning is shown in Figure 
11. Robotic testing steps similar to with the DIC measurement were applied. After dissection, 1-
mm diameter stainless steel beads were attached to the AM and PL bundle as markers for laser 
scanning. Beads were placed along fibers of the AM and PL bundles. Due to the size of the ACL, 
each bundle had two columns of beads, and each column had 4-5 beads. The robot then replayed 
the intact knee kinematics that were measured in previous steps for the different knee loadings. A 
laser scanner (FARO Technologies, Lake Mary, FL, US) was calibrated and used to scan the 
position of markers in unloaded and loaded positions at full extension, 15º, 30º, 45º, 60º and 90º 
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flexion. The scanner was mounted on a metal plate and screwed to the testing platform. A tool 
coordinate system was defined by the anatomical position of the knee, with its x, y, z coordinates 
corresponding to medial-lateral, superior-proximal, anterior-posterior direction with respect to 
the femur. 
 
Figure 11:  Flowchart of ACL strain measurement with markers and laser scanning 
 
The scanning result was processed in software (Geomagic, Research Triangle Park, North 
Carolina). Each marker was selected manually from the scanned geometry, and the centroid of 
marker was calculated by the software (Figure 12). Every three markers that were next to each 
other are formed as an element to calculate the local strain (Figure 12d). A local material 
 36 
coordinate was assigned to each element with one axis parallel to the bundle fiber orientation. 
Lagrangian finite strain will be used due to large deformation of AM and PL bundle. The Green-
Lagrangian strain tensor is as follow: 
                                                      4-1 
Where the i, j, k denotes the three axes of the coordinate. 
 
 
 
Figure 12: a). Dissected knee with beads on ACL; b). Laser scan of the ACL with beads; c) 
highlighted bead in front and side view; d) element determined by three marker centroids 
 
                                                      4-1 
In 3-D, it can be explicitly expressed as: 
𝐸𝐸𝑥𝑥𝑥𝑥 = 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 + 12 ��𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕�2 + �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕�2 + �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕�2� 
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𝐸𝐸𝑦𝑦𝑦𝑦 = 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 + 12 ��𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕�2 + �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕�2 + �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕�2� 
𝐸𝐸𝑧𝑧𝑧𝑧 = 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 + 12 ��𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕�2 + �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕�2 + �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕�2� 
𝐸𝐸𝑥𝑥𝑦𝑦 = 12 �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕� + 12 �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕� 
𝐸𝐸𝑥𝑥𝑧𝑧 = 12 �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕� + 12 �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕� 
𝐸𝐸𝑦𝑦𝑧𝑧 = 12 �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕� + 12 �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕� 
Where the u, v, w are the displacements in three axes. And the calculation was 
implemented in MATLAB (Appendix 0) 
4.3 RESULTS AND DISCUSSION 
4.3.1 Kinematics and In-Situ Force 
The kinematics and in-situ force for all six samples were measured by robotic system. 
The results are reported in Table 3 and Table 4. The magnitude and trends of  tibial displacement 
under 89N anterior tibial load, the rotation angle under external loads at different flexion angle as 
well as the corresponding in-situ force were similar to previous studies[7, 88, 164, 185].  
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Table 3: Tibia displacement and rotation under external loads 
 ATT (mm) IR (degree) ER (degree) VAL (degree) 
0 5.16±0.80 11.88±3.92 12.04±2.18 2.42±0.61 
15 6.96±0.92 18.83±1.47 17.00±3.91 3.58±0.89 
30 7.88±1.25 21.58±2.19 18.58±5.28 3.92±1.24 
45 7.54±1.90 N/A N/A N/A 
60 6.54±1.99 N/A N/A N/A 
90 5.75±1.94 N/A N/A N/A 
 
Table 4: ACL in-situ force under external loads 
 ATT (N) IR (N) ER (N) VAL (N) 
0 88.65±32.26 30.50±18.18 19.56±15.92 14.06±7.48 
15 94.94±22.82 31.58±16.11 8.40±6.23 9.76±4.53 
30 93.87±15.44 23.48±13.95 5.59±3.03 7.35±5.99 
45 84.92±15.07 N/A N/A N/A 
60 75.97±14.35 N/A N/A N/A 
90 72.85±16.01 N/A N/A N/A 
 
 
The average anterior displacement under AT load increase with flexion angle from full extension 
to 30°, and then decrease from 30° to 90° knee flexion, with maximum value of 7.86 mm (Figure 
13). The average rotation angle under internal/external/valgus rotation all increase with flexion 
angle from full extension to 30° flexion, with maximum rotation angle 21.58°, 18.58°, 3.92° 
accordingly (Figure 14).  
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Figure 13: Average anterior tibial translation (ATT) under 89 N anterior tibial load (n=6) 
 
Figure 14: Average rotation angles under external rotational load (n=6) 
 
In-situ force of the ACL under external loads are plotted in Figure 15. From results, 
average in-situ force under AT loading are much higher than those under rotational loads at all 
measured flexion angles. The average ACL in-situ force under AT load ranges from 72.85N to 
94.94N. And average in-situ force of ACL under external loads are all less than 35N.  Compared 
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with 89N anterior tibial load applied, the calculated in-situ force in the ACL shows that the ACL 
is the primary constraint of anterior tibial translation, and also provided a secondary restraint for 
knee rotational stability.  
 
 
Figure 15: Average in-situ force (n=6) of the ACL under external loads 
 
4.3.2 Strain in AM and PL Bundles with DIC 
Longitudinal, transverse and shear strains of the two bundles during knee flexion and under 
external loads were calculated from the series of images. Figure 16 shows an example of 
longitudinal strain in the PL bundle under AT load. Based on DIC strain measurement results, 
the averaged strains in AM or PL bundles at all flexion angles are reported. 
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Figure 16: a) images of six intact ACL samples from reference camera; b) longitudinal strain 
distribution in the six ACLs with anatomical coordinate system 
 
4.3.2.1 Strain during knee flexion 
Longitudinal strains of the two bundles during knee flexion are shown in Figure 17. 
During flexion, the AM bundle slightly reduced strain from full extension to about 45° flexion, 
and then it was stretched with knee flexed from 45° to 90° flexion. The maximum strain occurred 
at 90° flexion angle with a value of 0.031. The PL bundle reduced strain with increase of flexion 
angle and started to stretch beyond 60° flexion angle. At 60° flexion angle, PL bundle had 
maximum longitudinal strain of 0.068.  
The results showed PL bundle had the maximum length at full extension, while the AM 
bundle had the maximum length at 90° flexion angle. These results agree with previous studies 
that  focused on the behavior of two bundles of ACL during flexion extension [6, 45, 77].  Hollis 
et al. showed that the AM bundle lengthens and under tension in flexion, while the PL bundle 
shortens and becomes slack. According to their study, the AM bundle length increases by 1.9 
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mm (5%) at 30° of knee flexion, and by 4 mm (12%) at 90°. Conversely, the PL bundle 
decreases by 3.2 mm (14%) when the knee is passively flexed from 0 to 30°, and by 7.1 mm 
(32%) at 90° of knee flexion[77]. Our study shows that the longitudinal strain of AM bundle 
decreased slightly by 0.8% at 30º flexion and increased to the its maximum value 3.2% at 90° 
flexion. For PL bundle, the longitudinal strain decreased by 4.3% from full extension to 30º knee 
flexion and 4.9 % at 90° of knee flexion, while its maximum occurred at 60° of knee flexion as 
6.8%.  
The general pattern of longitudinal strain of two bundles in this study agrees with previous 
observations correlated with length changing of AM and PL bundles by Amis and Dawkins[6].  
In contrast to Hollis et al. study, Amis and Dawkins found that the AM bundle initially shortens 
until 30° of flexion, and then gradually elongates until it reaches maximal length at 120°. They 
also found that internal rotation lengthens the ACL a slightly more than external rotation. This 
also matches result of this study, most noticeably at 30° of flexion with a longitudinal strain of 
7.5% in AM bundle under internal rotation and 4.6% in AM bundle under external load.  
Compared to the magnitude of longitudinal strain in two bundles under AT load, tibial rotation 
torques of 5 Nm do not cause significant ACL elongation. This again suggests that ACL mainly 
constrains the anterior posterior translation, the rotational stability is resisted by a combination of 
other soft tissue such as capsular shearing, slanting collateral ligament action, joint surface, and 
meniscal geometry, while the ACL play only played a secondary role[4, 125].  
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Figure 17: Longitudinal strain (mean±sd) of AM and PL bundles during flexion using DIC 
measurement 
 
Transverse strains of the two bundles during knee flexion are shown in Figure 18. During flexion 
from full extension, PL bundle’s transverse strain increase with flexion angle. It has a maximum 
transverse strain at 65° flexion angle with a value of 0.026. The transverse strain of AM bundle 
has mild change at low flexion angles (full extension to 40°), and then decreases rapidly from 
40° flexion angle to 90° flexion angle with its maximum value of -0.029 at 90° flexion angle.  
Another finding in this study related to the so called the “stress-free” state of the ACL. Multiple 
studies have shown that the ACL has no stress-free state at any ﬂexion[107, 137, 143, 169].  
However, the value of the magnitude of stress (or strain) is unknown because there was no 
information of the resultant force of the ACL at various angles of flexion. Therefore, in FE 
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analyses of the ACL, it is often performed without prestressing the ACL[63, 134, 193], or some 
assumptions initial stress have to be made[107, 137]. In this study, the longitudinal and 
transverse strain results of the AM bundle during flexion show that the AM bundle became 
stretched in longitudinal direction while its transverse strain starts to decrease around 35°~40° 
knee flexion angle. Soft tissues are often considered being able to only carry tension but not 
compression load. These findings suggest that the “stress-free” state of the AM bundle might be 
around 35°~40° knee flexion. However, the PL bundle does not show a trend regarding to a 
“stress-free” state. The observed “stress-free” state of AM bundle may provide information for 
finite element analysis of the ACL, and also provide information for surgical reconstruction. 
 
 
 
Figure 18: Transverse strain (mean±sd) of AM and PL bundles during flexion 
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Shear strains of the two bundles during knee flexion are shown in Figure 19.  Shear strain 
in the PL bundle increases from full extension to about 40° flexion, with maximum shear strain 
of 0.011, and then decreases with increased flexion angle. Shear strain of AM bundle increases 
with flexion angle and reaches the maximum at 65° with a value of -0.026. Positive shear strain 
means that the angle of the between the +x and +y-axes due to external loads to decrease, while 
negative shear strain implies that the angle to increase. 
In the early study by Duthon et al., it was found the two bundles of ACL are not isometric 
with the main change being lengthening of the AM bundle and shortening of the PL bundle 
during flexion, but experience different patterns of length changes during passive knee flexion 
[45]. They also found during flexion, there is a slight lateral rotation of the ligament as a whole 
around its longitudinal axis, and the AM bundle begins to spiral around the rest of the ligament. 
This relative movement of one bundle upon the other is due to the orientation of the bony 
attachments of the ACL. This observation was found in this study with DIC measurement. The 
AM bundle had a large shear strain when the knee flexed close to 90° while the PL bundle had a 
small shear strain. Together with plot of longitudinal strain, it suggests that the AM bundle may 
twist itself at the same time elongate when the knee flexed to 90° flexion. 
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Figure 19: Shear strain (mean±sd) of AM and PL bundle during flexion extension 
 
 
4.3.2.2  Strain Under Anterior Tibial (AT) load 
The longitudinal strains of the AM and PL bundle under AT load are shown in Figure 20. 
Under AT load, the trend of average longitudinal stain for AM bundle at measured flexion angles 
matches the trend of in-situ force of ACL, with maximum longitudinal strain 0.097 at 30° knee 
flexion. The average longitudinal stain for PL bundle increases with flexion angle from full 
extension and has the maximum value of 0.16 at 60° knee flexion. Statistical significance was 
found between PL and AM bundle at full extension, 60° and 90° knee flexion.  
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Figure 20: Longitudinal strain of the AM and PL bundles under anterior tibial load 
 
The transverse strains of the AM and PL bundles under anterior knee loading are shown 
in Figure 21. There was no statistical significance found between AM and PL bundles at the 
measured flexion angles. However, trends can be seen that the transverse strain of both bundles 
are larger at low flexion angles. With increased flexion angle, the transverse strain increases to 
an average value of -0.002 for AM bundle and -0.005 for PL bundle both at 60° knee flexion. 
This result shows both AM and PL bundle have larger contraction in transeverse direction under 
AT load at low flexion angle. While at high flexion angle, very small transverse strain in 
transverse direction. It may be explained that the AM and/or PL bundle is under tension at high 
flexion angle without external load. 
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Figure 21: Transverse strain of AM and PL bundle under anterior knee load  
 
The shear strains in the AM and PL bundles is given in Figure 22. The average shear 
strain of AM bundle increases with flexion angle, while the shear strain of PL bundle decreases 
from 0° to 30° knee flexion and increases from 30° to 90° knee flexion. Statistical significances 
were found between AM and PL bundles under valgus load at 15° and 30° knee flexion, under 
external load at 30° knee flexion and under anterior tibia load at 45° knee flexion.  
 
 
 
Figure 22: Shear strain of AM and PL bundle under anterior tibial loading 
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4.3.2.3 Strain Under Internal Rotational (IR) load 
 
Under internal rotational torque, no significance was found for the logitudinal, transverse 
or shear strain between AM and PL bundle (Figure 23). Both bundles have similar trend need 
figure number. The logitudianl strain for both bundles increase with flexion angle. The transerve 
strain under internal load for both AM and PL bundle first increase with flexion and have 
maximum transerves strain at 15° knee flexion, and it decreases with knee flexion angle from 
15° to 30° knee flexion. Small shear strain occurred in both AM and PL bundles when the knee 
was under internal rotation.  
 
 
Figure 23: Strain of AM and PL bundle under internal torque  
4.3.2.4 Strain Under External Rotational (ER) load 
 
Under external rotational torque,  statistical significance was found for shear strain 
between AM and PL bundle at 30° knee flexion(Figure 24). The longitudinal strain in both AM 
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and PL bundles increased with flexion angle, with maximum value of 0.046 in AM bundle and 
0.027 in PL bundle. The transerve strain under external load for both bundles have a maximum at 
15° knee flexion. Unlike strain behavior under internal rotation, shear strain under external 
torque caused the AM bundle to have a maximum value of 0.01 at 30° knee flexion and the PL 
bundle to have a maximum value of -0.015 at 30°knee flexion  
 
Figure 24: Strain of AM and PL bundle under external rotation torque 
 
4.3.2.5 Strain Under Valgus Rotational (VAL) load 
Under a valgus rotational torque, the AM bundle has maximum logitudianl strain at 15° 
knee flexion while the PL bundle has maximum at 30° knee flexion (Figure 25). The transerve 
strain of AM bundle decreases with flexiona angle, with a maximum of -0.012 at full extension. 
While the transerve strain of PL bundle decreases from full extension to 15° knee of flexion and 
increases from 15º to 30° knee flexion. Significances were found in shear strain between AM and 
PL bundles at 15° and 30° knee flexion. 
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Figure 25: Strain of AM and PL bundle under valgus rotation torque  
 
The strain measurements show the two bundles respond differently to external knee 
loadings, such as anterior tibia load and rotational tibial torques. When under 89 N anterior load 
at full extension, 15°, 30°,45°, 60° and 90° flexion, the average longitudinal strain of both 
bundles trend to increase with flexion angle from full extension to 45° of knee flexion. However, 
from 45° to 90° of knee flexion, the longitudinal strain of AM bundle decreases while PL 
bundle’s strain still increases, and the maximum longitudinal strain occurred at high flexion 
angle. However, the trends show that the logitudianl strain for both bundles increased with 
flexion angle. None of rotation torques (IR, ER, VAL) cause significant ACL elongation or 
shortening. These behaviors of two bundles under external loads are important for understanding 
ACL injury and improving ACL reconstruction techniques. 
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The search for an ‘isometric point’, about which the femoral origin may rotate with the ligament 
(graft) length remaining constant, is still in debate in ACL reconstruction.  It has been popular to 
place the femoral tunnel at the so-called 11 o’clock position for the right knee (or 1 o’clock 
position for the left knee), in order to replicate the origin of the AM bundle of the ACL[156]. A 
point at the superior corner of the femoral attachment was chosen by Melhorn and Henning[113] 
and Penner et al[138]. But other tunnel positions have been advocated. Odensten and Gillquist 
[128] chose a site at the center of the attachment.  Loh et al. found that a more lateral graft 
placement, which is anatomically closer to the femoral insertion of the PL bundle more 
effectively resists rotatory loads when compared with the AM bundle position as evidenced by 
smaller ATT and higher in situ force in the graft[109]. Our strain measurement results of two 
bundles show that the AM bundle has smaller mean longitudinal strain than that of the PL 
bundle. From the longitudinal strain result during flexion, the PL bundle continuously decreased 
from full extension to high flexion angle while the AM bundle decreased slightly from full 
extension to 45° flexion and then increased thereafter. This suggests that in single bundle ACL 
reconstruction the graft might be fixed at low flexion angle, achieving minimum graft length 
between tunnel so that the graft could be effectively tight for most knee flexion angles. 
4.3.3 Strain in AM and PL Bundles with Markers  
Sample F170840R (right knee, 30 years old) was measured with the bead markers and 
laser scan method. Longitudinal, transverse and shear strain were also calculated to compare 
with the result from DIC measurement. 
Under AT load, calculated longitudinal strain of AM and PL bundles gave large values at full 
extension as 0.10 and 0.12 (Figure 26).  Compared to the result from DIC measurement, the 
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maximum longitudinal stain of AM bundle is 0.1 at 30° flexion and the maximum longitudinal 
stain of PL bundle is 0.16 at 60° flexion. The transverse and shear strain of the AM and PL 
bundles are also shown to have significant larger values compared to the results from DIC 
measurement. The maximum transverse strain of AM bundle under AT load was 0.41 at full 
extension, and 0.66 at 45° for PL bundle. Maximum shear strain of AM bundle under AT load 
was 0.13 at 45°, and 0.09 at 90° for PL bundle. 
Under other external loads (IR, ER, VAL), the calculated longitudinal, transverse and shear 
strain of AM and PL bundles are shown in Figure 27, Figure 28 and Figure 29. The maximum 
longitudinal strain of AM and PL bundle under external rotation load and valgus rotation load 
were both at full knee extension, while under internal rotation load, it occurred at 30º knee 
flexion.  
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Figure 26：Strain of a) AM and b) PL bundle under anterior tibial load calculated from and 
scanning comparing to the DIC measurement results 
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Figure 27: Strain of AM and PL bundle under internal rotation load, calculated from markers and 
scanning 
 
 
Figure 28: Strain of AM and PL bundle under external rotation loads, calculated from markers and 
scanning 
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Figure 29: Strain of AM and PL bundle under valgus rotation loads, calculated from markers and 
scanning 
 
Two methods were used in to measure the strain of the AM and PL bundles under 
external loads. The method with the bead markers does not match the result of DIC 
meausuremnt. Especially at full extension, the bead marker measurement had the largest 
logntudianal strain for AM bundle under AT, ER (Figure 28) and valgus rotation (Figure 29) 
load at full extension, which is does not seem reasonable in that the knee had the smallest 
displacement or rotation under external laod at full extension. Table 5 gives the longitudinal 
strain of AM bundle under external loads of one sample (Sample F170840R), calculated from 
both DIC and laser scanning measurement. The bead and laser scanning had greater values of 
longitudinal strain, seemingly inaccurate when compared to DIC measurement. This might be 
caused by the limited scanning angle. This means to have a accurate measurement of the marker, 
the markers need to be scanned all angles. With limited scanning angle, the positon of the marker 
may be affected. From 15° to 60° knee flexion, marker measuerment shows similar trend in 
longitudinal strain with the DIC measurement. However the strain values are greater than the 
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ones from DIC meaurement. This may be casued by several reasons. The first reason is that the 
size of the marker is relatively big compared to the size of the ACL. The laser scanner may not 
be able to access the full range of scanning angle for a good quality sanning. Second is that more 
of the error could have been introduced in laser scan measures. Manually selecting and 
determining centroid of the marker from scanned image could introduce  inaccuracies. And also 
markers may be in contact with other soft tissue during knee loading or motion and change its 
relative position on the ACL.  
Strain measurement with markers has been proved to be successful in measuring soft tissue 
strains by some researchers[48, 67, 141, 161, 182]. Ellis et al. used 21 markers with 2.38 mm 
diameter on MCL defined 18 regions for strain measurement under valgus with camera tracking 
system. The MCL is a broad, flat, membranous band compared to ACL, situated on the medial 
side of the knee joint[48]. So, it is relatively easy to have a big view angle for the bead markers.  
Wren et al. measured the mechanical properties of the human Achilles tendon with 10 1-mm 
diameter beads. Beads were glued at intervals (1-1.5 cm) along the length of the tendon to serve 
as visual markers. The sample was load axially with different strain rates[182]. Due to small size 
of the ACL, the beads were glued in one column and only axial loading was applied and only 
strain in loading direction can be measured. Screen et al. measured local strain within tendon 
matrix with cell nuclei as biological markers. During both loading and unloading of the tissue, 
samples were strained in a custom-designed rig, allowing real-time visualization of cell nuclei, 
on a confocal microscope[161]. Although the strains recorded are strongly dependent on the 
associations between the cells and the surrounding collagen matrix, their study shows that the 
marker size should be adjust based on different size of object to provide an accurate analysis of 
local strains of soft tissues. Future work could consider using smaller size markers to reduce the 
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error in the step of determining markers’ position in the laser scan and take advantage of other 
faster and effective (real-time) motion analysis systems. 
 
Table 5：Longitudinal strain of AM bundle under external loads, calculated from DIC and laser 
scanning measurement (Sample F170840R) 
 ATT  IR ER VAL 
0 
 
DIC 0.03 0.03 0.00 0.03 
Laser 0.10 0.02 0.27 0.30 
15 
DIC 0.10 0.08 0.04 0.08 
Laser 0.08 0.00 -0.01 -0.03 
30 
DIC 0.11 0.08 0.04 0.04 
Laser 0.15 0.16 0.16 0.07 
45 
DIC 0.07 N/A N/A N/A 
Laser 0.16 N/A N/A N/A 
60 
DIC 0.07 N/A N/A N/A 
Laser 0.22 N/A N/A N/A 
90 
DIC 0.07 N/A N/A N/A 
Laser 0.03 N/A N/A N/A 
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4.4 CONCLUSION 
In this study two methods were used to measure the strains of the two bundles of the ACL at the 
different flexion angles and external loadings. Longitudinal, transverse and shear strain are 
measured by using the DIC technique and compared with laser scanning measurements based on 
surface markers. Statistical analysis was done using one-way ANOVA with significance at p < 
0.05. Statistical analyses were performed to: (i). compare the strain of AM and PL bundle at 
different flexion angle and external loadings; (ii). compare the strain between different flexion 
angle and external loadings.  The data demonstrated that the two bundles of the intact ACL 
possess different strain patterns under flexion and external loads. The PL bundle has higher 
longitudinal strain under anterior load at high flexion angle, while the AM bundle has higher 
longitudinal strain at relatively low flexion angles. Though rotational loads do not cause 
significant ACL longitudinal strain, internal rotation caused a larger longitudinal strain in both 
bundles of the ACL than under external rotation. 
The main contributions of this study include: 
(1). The DIC technique was used to measure the strain in AM and PL bundles in an 
experimental setup which applied anterior tibial load and internal/external/valgus moments to the 
knee. The experiment setup allows the knee to be tested in an anatomical position, in order to 
provide more appropriate results. Only a limited number of studies can be found in measuring 
the strain behavior of AM and PL bundles under external load. This study provides the 
experimental design and measurement technique for more sophisticated studies. 
(2). The DIC measurements show that AM and PL bundles are not isometric during knee 
flexion-extension and possess different patterns of strain, the main differences being increase in 
longitudinal strain of the AM bundle and decrease in longitudinal strain of the of the PL bundle 
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during flexion. The strain of AM and PL bundles can be correlated with their length changing as 
the knee flexed. There are reports of isolated ruptures of the AM or PL bundle[139]. The 
different behavior of two bundles during flexion/extension and under external can help explain 
the cause of individual ACL bundle ruptures by relating the strain behavior of two bundles to the 
external loads.  
There are some limitations in this study. First, since the ACL has a complex shape, in the 
current projectsurgeon inspection was used to indentify  the AM and PL bundles.. To reduce this 
error in the study, all samples were dissected, prepared and bundle insertions sites marked by a 
single surgeon. Secondly, the fibres of the ligament are twisted to a varying degree as the knee 
flexes due to relative rotation of the attachements. Thus the straight line presumtion that the AM 
and PL bundle are straight fibers conneting insertion sites when determining the logitudinal axix 
s of the bundles is not accurate. Third,  although a three-dimensional measurement method was 
used, the range and angle of capturing by the cameras is still limited. Through evaluation, the 
cameras were placed with the largest viewing angle to the AM and PL bundle. Last, there might 
be thickness change in the direction that is perpendicular to the measuring surface (z-direction) 
occurred in the ACL. Since soft tissue such as ligament is nearly compressible, thickness change 
could cause a result in the measuring plane that AM or PL bundle with a large longitudinal strain 
but small transverse and shear strain at the same flexion angle. However, in the current 
experimental setup with two cameras, this change in z-direction (or thickness) was not able to be 
viewed or measured. 
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5.0  MEASUREMENT OF ACL GRAFT POSITION IN TUNNEL UNDER VARIOUS 
KNEE MOTIONS AND LOADINGS 
5.1 BACKGROUND AND SIGNIFICANCE 
The motivation for the current hypothesis, that the ACL graft shifts and rotates in the femoral 
tunnel during knee flexion-extension and under external loadings, is the tunnel enlargement 
phenomenon and concepts as the “bungee cord” and “windshield” wiper effects in ACL 
reconstruction.  It has been suggested that mechanical effects may be cause of tunnel 
enlargement graft motion in the tunnel may be related to this. Graft motion or shift and varying 
graft-tunnel contact could cause stress concentrations and tunnel enlargement.  
Recent studies have shown that in ACL reconstruction, a space is frequently observed at 
the tunnel aperture[61]. This is mainly attributable to graft deformation. Studies have suggested 
that even though the femoral tunnel is positioned in the center of the footprint, the centroid of the 
graft may be deviated from the footprint due to the graft shift[61]. Also, the graft may shift its 
position under external loadings. Quantitative data on graft position in the tunnel with knee 
flexion and loading is not available. 
Femoral tunnel enlargement after ACL reconstruction has been noticed clinically. While 
early reports suggested that bone tunnel enlargement is mainly the result of an immune response 
to allograft tissue, more recent studies imply that other biological as well as mechanical factors 
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may play a more important role[162]. Biological factors associated with tunnel enlargement 
include immune response against allografts, inflammatory response, cell necrosis due to toxic 
products in the tunnel, and heat necrosis as a response to drilling [49, 75]. Mechanical factors 
contributing to tunnel enlargement could include stress deprivation of bone within the tunnel 
wall, graft-tunnel motion, improper tunnel placement, and aggressive rehabilitation[80, 177].  
Jagodzinski et al. used MRI to calculate force components of the graft for the femoral 
tunnel in the sagittal direction as well as coronal plane. By determining the angle between graft 
and the tunnels, vector analysis was used to calculate the direction and magnitude of the 
perpendicular component of the force between the bone tunnel and the graft at the entrance of the 
bone tunnel. The differences in force components calculated in this study corresponds with the 
amount and location of tunnel enlargement in the radiographic planes and provided evidence that 
biomechanical forces play a key role in postoperative tunnel expansion[81]. 
Fujii et al. measured the semitendinosus tendon graft shift, defined as the distance 
between the center of the simulated tunnel and the center of the graft on the 2-dimensional 
coordinate, at the tunnel aperture with graft bending using a simulated femoral bone tunnel. The 
semitendinosus tendon was harvested, folded and verified to be 7.0 mm. A custom-made 
aluminum fixture, with 7.0-mm-diameter hole was used as a simulated femoral bone tunnel. The 
distal end of the graft was tensioned with 30 N at an angle of 15°, 30°, 45°, 60°, 75° that 
reproduced the graft bending angle during knee range of motion. The results showed that the 
graft shift significantly increased when the graft bending angle was increased. The largest shift 
was observed when the graft bending angle was 75° in all specimens, and the value was 1.10 mm 
± 0.12. [61]. 
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Lee et al. evaluated and compared the graft filling area and graft position within the 
femoral tunnel aperture in two ACL reconstruction techniques using MRI. They found that grafts 
did not fill the entire tunnel aperture area, and the centers of the grafts differed slightly from the 
centers of the tunnel apertures. The eccentric graft positioning in the tunnel with shift in a 
particular direction in each technique might suggest the necessity of an underreamed femoral 
tunnel [101].  
In a clinical MRI study by Onodera et al. on double-bundle ACL reconstruction, two 
different MRI protocols were used to measure the shift of grafts in the tunnels. In the first 
method, the graft location was evaluated on an inclined sagittal multiplanar reconstruction 
(MPR) image taken using a standard T2-weighted protocol. The second method used a pure axial 
MPR image using a VISTA (volume isotropic turbo spin echo acquisition) protocol. They 
concluded that the grafts were not shifted anteriorly in the femoral tunnel 1 year after anatomic 
double-bundle ACL reconstruction. The PL graft was located approximately at the center of the 
tunnel outlet, while the AM graft was slightly but significantly shifted posteriorly and proximally 
[128]. 
5.2 METHODS 
Six human cadaver knees were used in this study for measuring the ACL graft position in 
femoral tunnel under knee flexion and external loads. The protocol used in this study, along with 
the methodology for testing each specimen, can be described in three parts: 1) specimen 
preparation; 2) robotic testing and 3) geometric scanning and analysis. All cadaveric knee 
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specimens underwent arthroscopic check by an orthopedic surgeon to ensure that all structures 
were intact. The flowchart for this study is shown in Figure 30. 
 
Figure 30: Flowchart of studying graft position in tunnel under various knee motions and loadings 
5.2.1 Specimen Preparation 
Preparation for testing followed the same protocol as described in Chapter 4.2.1. Anatomic 
single bundle ACL reconstruction was performed in all knee specimens via arthroscopy by the 
same surgeon [13, 36, 144]. The intact ACL was first excised and removed with the use of a 
punch, a shaver and an ablator. During removal, the ACL insertion sites on the tibia and femur 
were marked with an awl and ablator. Previously harvested human cadaver hamstring grafts were 
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used. The grafts were passed the loop of EndoButton (Smith & Nephew, UK), then folded and 
used a ultra-braided sutures with a tapered needle to fix the free end. The ACL graft was 
trimmed to be 8-mm in diameter. A guide wire (2.4 mm diameter) was inserted into the center of 
femoral ACL footprint and the femoral tunnel was drilled with a 7.5-mm cannulated femoral 
drill and dilated with an 8-mm dilator through the accessory medial portal. Another guide wire 
was inserted into the center of tibial ACL footprint from the anteromedial aspect of tibia using a 
tibial drill guide system (Smith and Nephew Endoscopy, Andover, MA). The tibial ACL aimer 
angle was set to 55° and the tibial tunnel was opened with a 7.5-mm drill, and then dilated with 
an 8-mm dilator, then the graft was passed through the tibial tunnel. EndoButton (Smith & 
Nephew, UK) was flipped and fixed to the outside of the femur. Following graft placement, 
twenty plunging movements were applied to the knees for pre-tensioning. The hamstring graft 
was tensioned at 30° of knee flexion under 40 N force using a tension-meter (Meira Corp., 
Nagoya, Aichi, Japan) from the distal end of the graft and a metal interference screw was placed 
in tibial tunnel on the tibia for fixing the graft [169]. Additionally, post-tie fixation was also 
applied to augment tibial fixation [31].  
5.2.2 Robotic Testing 
The knees were kept moist with physiologic saline solution during testing. A six-joint robotic 
system with a repeatability of motion within ±0.02 mm at each joint, with a force-moment load 
cell that has an accuracy of ±0.2 N and ±0.1 Nm according to the manufacturer, was used for 
testing the knee specimens [86, 88, 154]. The potted tibia and femur were placed upside down in 
aluminum cylinders with tibial cylinder connected to the robotic arm and the femoral cylinder 
was fixed to a stationary base. The passive path of the intact knee flexion–extension was 
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determined from full extension of the knee to 90o of knee flexion in 0.5o increments by 
minimizing forces ( < 0.5 N ) and moments (< 0.25 Nm) in all remaining degrees of freedom 
[41]. 
The knee joints were subjected to the following loading conditions: (1) an 89.0-N anterior 
tibial (AT) load (simulated KT1000 test) to test anterior tibial translation (ATT) (mm) [147], (2) 
a 5.0-Nm internal tibial torque to test internal rotation (IR) (degrees), (3) a 5.0-Nm external tibial 
torque to test external rotation (ER) (degrees) [88], (4) a 7.0-Nm lateral bending moment to test 
valgus rotation (degrees) and (5) an 89.0-N posterior tibial (PT) load to test posterior tibial 
translation (PTT) (mm) [19, 20].  The ATT and PTT was measured at full extension, 15°, 
30°,45°, 60° and 90° of knee flexion, while internal/external and valgus rotations were measured 
at full extension, 15° and 30° of knee flexion [86]. 
5.2.3 Geometric Scanning and Analysis 
During robotic testing, the three-dimensional surface geometry of specimen including lateral 
femoral condyle, ACL graft as well as the femoral tunnel aperture where scanned and probed 
using a digitizer (FARO Technologies Inc. Lake Mary, FL) (Figure 31a, b). The digitizer is a 
portable coordinate measuring machine (CMM) that allows combination of contact and non-
contact 3D scanning for detailed measurement of surface. It was mounted on a metal plate and 
fixed knee base. The scanner coordinate system was defined by the anatomical position of the 
knee, with its x, y, z coordinates corresponding to medial-lateral, superior-proximal, anterior-
posterior direction with respect to the femur. After robotic testing, the graft was removed from 
the tunnel so that the femoral tunnel was exposed for scanning. The femoral tunnel without graft 
was scanned and the tunnel aperture outline was measured using a probe  (Figure 31c, d). The 
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scanning data was processed using graphics software (Geomagic, Research Triangle Park, North 
Carolina).  
 
Figure 31: (a) Dissected femur with single-bundle ACL reconstruction; (b) Scan of the sample with 
ACL graft; (c) Femur geometry from CT scan; (d) Scan of the sample with ACL graft removed and (e) 
Combination of two scans  
 
To determine the position of the ACL graft in the tunnel, the femoral tunnel was 
represented by a cylinder which was calculated by a best fit of an 8-mm cylinder to the scan data 
of the tunnel inner wall (Figure 32a). Due to individual variation of the femoral bony insertion 
geometry, the femoral tunnel aperture shape will be different between samples even when the 
drilling angle was kept constant.  To standardize the graft tunnel aperture to define the graft 
position in the tunnel, a plane which contained the centroid of probed aperture outline points was 
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defined and taken to be perpendicular to the femoral tunnel longitudinal axis (Figure 32b). So, 
results will be based on an 8-mm diameter circle that best fits the femoral tunnel aperture.  
 
Figure 32: a) Scan of the lateral condyle and the fitted femoral tunnel; b) Standardized plane that is 
perpendicular to the femoral tunnel. 
 
To determine the cross-sectional outline of the tunnel and graft at the standardized plane, 
both scan results, with and without the graft, were imported to the software. The two geometries 
were overlapped and were trimmed in software with the femoral tunnel perpendicular plane that 
was defined in the previous step (Figure 33). On this trimmed surface, the intercept curve 
between the femoral tunnel cylinder and surface would be the outline of the graft at the aperture 
(Figure 33). 
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Figure 33: Left: The intercept curve between the femoral tunnel cylinder and the trimmed surface 
was defined as the outline of the graft at the aperture; Right: Outline of the graft at the standardized plane of 
the femoral tunnel with (yellow) and without (red) AT load. 
 
Points there were created from the graft outline in software (Geomagic, Research 
Triangle Park, North Carolina), with a spacing of 0.01mm to assure the accuracy of calculation, 
were used to find the graft centroid position. The center point of the graft was determined by 
finding the centroid of the outline and the distance between the two centroids before and after 
knee motion or loading, was designated as the graft shift distance (Figure 34). Also, the center of 
the femoral tunnel was determined to describe the relative position of the graft center to that of 
the femoral tunnel. The percentage of femoral tunnel aperture that was filled by the graft was 
also calculated as the ratio of the cross-sectional area of graft to the area of the 4-mm radius 
tunnel (Figure 34). 
The contact region between the graft and the tunnel was calculated by finding the portion 
of graft’s outline that overlapping with the femoral tunnel’s outline (Figure 34). The mid-point of 
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the contact region on the standardized plane was also calculated so that the angular of contact 
region could be calculated.   
 
 
Figure 34: Graft centroid position change, percentage of the femoral tunnel been filled by the graft, 
percentage of contact region and the rotation of the contact region (vertical axis: superior direction based on 
femur). 
5.3 RESULTS AND DISCUSSION 
The described method was applied to six human cadaver knees (3 left, 3 right). Since the right 
knee has the same anterior-posterior and superior-inferior orientation but opposite medial-lateral 
orientation compared with left knee. All the data in this section are converted and shown based 
on right knee orientation.  
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5.3.1 Kinematics and In-Situ Force 
For informational purposes, the kinematics (Table 6) and in-situ force (Table 7) for all samples 
was also measured during testing. For the intact knee. anterior tibial translation (ATT) in 
response to an 89 N anterior tibial load ranged from 5.4 ±1.7 mm at 90° flexion to 8.1 ± 1.7 mm 
at 30° of flexion (Table 6). Posterior tibial translation in response to an 89 N posterior tibia load 
ranged from 3.5±0.8 mm at 90° flexion to 7.3±2.3 mm at 15° of flexion. In response to the 5 Nm 
rotational loads, internal rotation increased with increasing knee flexion and reached a maximum 
of 23.8°±3.6° at 30° flexion. Similarly, external rotation angle was 12.6°±3.0° at full extension 
(FE) but increased to 18.3±5.3 at 30° of flexion. In response to the 7 Nm valgus moment, 
rotation ranged from 2.7°±0.5° to 3.9°±1.2° from full extension to 30° of flexion. 
Removing the ACL significantly increased anterior tibial translation, it was nearly twice 
as large as that with the ACL intact, ranging from 9.6±1.5 mm at 90° of knee flexion to 16.5±1.8 
mm at 30° flexion (Figure 35). No statistical significance was found in posterior tibial 
translation, internal/external rotation angle and valgus angle between ACL intact knee and ACL 
deficient knee. These results implied that ACL was the main constraint of the ATT and only 
provide a secondary constraint for posterior tibial translation, internal/external rotation and 
valgus rotation.  
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Table 6: Tibia displacement and rotation under external loads in intact, ACL deficient and ACL 
reconstructed knee (* indicates statistically significance compared to intact states) 
 ATT (mm) PTT (mm) IR (degree) ER (degree) VAL (degree) 
EF 
 
Intact 5.5±1.7 7.0±0.4 13.3±4.7 12.6±3.0 2.7±0.5 
DEF_ACL 10.5±2.9* 7.3±1.6 14.7±4.6 13.0±3.6 2.8±0.6 
Recon. 3.3±2.0 7.1±1.0 10.5±2.6 11.6±2.4 2.6±0.5 
15 
 
Intact 7.3±1.9 7.3±2.3 21.0±4.5 16.5±4.6 3.8±1.1 
DEF_ACL 15.0±2.6* 7.5±2.2 21.7±4.6 16.7±4.9 3.8±1.0 
Recon. 5.6±3.7 7.5±1.9 19.0±3.9 16.0±4.5 3.5±1.0 
30 
 
Intact 
8.1±1.7 5.7±1.9 23.8±3.6 18.3±5.3 3.9±1.2 
DEF_ACL 
16.5±1.8* 5.8±1.9 23.9±3.7 18.4±5.5 4.0±1.1 
Recon. 
6.9±3.4 5.9±1.6 22.4±3.8 18.3±5.4 3.7±1.3 
45 
 
Intact 
7.91±0.9 4.3±0.5 N/A N/A N/A 
DEF_ACL 
15.1±2.2* 4.4±0.9 N/A N/A N/A 
Recon. 
7.3±2.8 4.5±0.8 N/A N/A N/A 
60 
 
Intact 
6.8±2.0 3.7±0.5 N/A N/A N/A 
DEF_ACL 
12.2±1.8* 3.8±0.8 N/A N/A N/A 
Recon. 
6.5±2.6 3.8±0.8 N/A N/A N/A 
90 
 
Intact 
5.4±1.7 3.5±0.8 N/A N/A N/A 
DEF_ACL 
9.6±1.5* 3.6±1.0 N/A N/A N/A 
Recon. 
5.3±1.8 3.5±1.0 N/A N/A N/A 
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Table 7: In-situ force in intact ACL and graft under external loads 
 ATT (N) PTT (N) IR (N) ER (N) VAL (N) 
0 
 
ACL 71.7±23.7 20.6±17.1 34.7±13.6 21.5±14.9 9.5±3.9 
Graft 71.7±31.0 18.2±10.2 40.7±20.0 15.3±12.3 22.2±9.6 
15 
ACL 92.4±7.7 19.0±21.2 22.8±21.7 15.7±7.6 8.8±3.6 
Graft 77.0±42.9 11.1±6.0 31.4±19.4 17.3±17.6 14.9±10.7 
30 
ACL 92.2±8.0 18.6±21.0 15.1±11.1 16.2±9.9 10.4±5.0 
Graft 73.5±40.5 9.5±4.5 19.3±14.1 12.0±9.3 13.1±6.5 
45 
ACL 81.8±11.0 18.5±16.3 N/A N/A N/A 
Graft 56.9±23.4 8.6±4.8 N/A N/A N/A 
60 
ACL 67.2±11.8 16.2±15.2 N/A N/A N/A 
Graft 40.4±23.0 7.1±3.7 N/A N/A N/A 
90 
ACL 62.0±14.4 12.6±8.5 N/A N/A N/A 
Graft 39.1±27.3 7.0±6.5 N/A N/A N/A 
 
 
After ACL reconstruction, the ATT was restored being not significantly different from 
that of the ACL intact knee. However, the in-situ forces of the graft in the reconstructed knee in 
response to the same AT load were lower than those in intact ACL (Figure 36). When compared 
to intact ACL, the in-situ force of the graft under the same rotational loads and valgus were all 
significantly lower.  
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Figure 35: Tibia displacement and rotation of specimens with intact knee, ACL deficient knee and 
ACL reconstructed knee under: A) anterior tibial translation, B) posterior tibial translation, C) internal 
rotation, D) external rotation and E) valgus rotation 
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Figure 36: In-situ force in intact ACL and graft under: A) anterior tibial translation, B) posterior 
tibial translation, C) internal rotation, D) external rotation and E) valgus rotation0. 
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5.3.2 Shift of the graft during flexion/extension and under external loadings 
Figure 37 showed the magnitude of graft shift in femoral tunnel under passive flexion and 
anterior tibial (AT) translation, posterior tibial (PT) translation, internal rotation (IR), external 
rotation (ER), valgus rotation (VAL). During knee flexion from 0° (full extension) to 90° of knee 
flexion, the graft centroid was measured in full extension, 15°, 30°, 45°, 60° and 90° of knee 
flexion and compared to the graft position in the knee at full extension. The graft centroid shifted 
a magnitude of 0.21mm, 0.65mm, 0.68mm, 0.57mm, 0.67mm compared to the position in full 
extension knee (Table 8). The biggest shifted distance occurred at 45° knee flexion angle (0.68 
±0.45 mm), smallest shift appeared at 15° knee flexion angle (0.21±0.22 mm). The ACL graft 
shifted 0.67mm (8.4% of the tunnel diameter) from full extension to 90° flexion.  It should be 
noted that the magnitude of the graft shift is being reported and may correspond to different 
directions of shifting. 
 
 
Figure 37: Magnitude of graft shift in femoral tunnel under passive flexion and external loading.   
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Table 8: Magnitude of graft shift with mean ± standard deviation for each external loading condition 
and flexion/extension (F/E). 
 F/E (mm) ATT (mm) PTT (mm) IR (mm) ER (mm) VAL (mm) 
0° 0 0.57±0.59 0.37±0.24 0.29±0.18 0.49±0.34 0.44±0.38 
15° 0.21±0.22 0.54±0.45 0.59±0.46 0.42±0.28 0.45±0.32 0.43±0.39 
30° 0.65±0.44 0.67±0.57 0.44±0.34 0.33±0.34 0.47±0.31 0.39±0.32 
45° 0.68 ±0.45 0.41±0.43 0.30±0.20 n/a n/a n/a 
60° 0.57±0.35 0.50±0.45 0.50±0.45 n/a n/a n/a 
90° 0.67±0.15 0.58±0.19 0.40±0.29 n/a n/a n/a 
 
 
Under AT loading, ACL graft shifted a magnitude of 0.57mm, 0.54mm, 0.67mm, 0.41mm, 
0.50mm, 0.58mm at 0°, 15°, 30°, 45°, 60°, and 90° of knee flexion angle with an average shifted  
of 0.58mm (7.23% of the tunnel diameter) (Table 8). The largest shift occurred at 30° knee 
flexion angle (0.67±0.57 mm). Graft centroid shifts were in all three anatomical directions 
(medial-lateral, posterior-anterior and superior-inferior) (Figure 38). With AT load, the centroid 
of graft moved medially, anteriorly and inferiorly at all flexion angles. No significant difference 
was found in directional components between any two flexion angles. 
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Figure 38: Change in graft centroid position under anterior tibial loading (89 N) and flexion 
extension. 
 
Under external rotational torque, the ACL graft shifted a magnitude of 0.49mm, 0.45mm, 
0.47mm at full extension, 15°, 30°of knee flexion, respectively, with an average shift magnitude 
of 0.47mm (5.9% of the tunnel diameter) under ER loading (Figure 39). With external rotational 
torque, the centroid of graft moved medially, anteriorly and inferiorly at full extension and 15° 
flexion, moved medially, posteriorly and superiorly at 30° flexion. However, no significant 
difference was found in directional components between any two flexion angles (Figure 39). 
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Figure 39: Graft shift under external rotational torque (5 Nm) and flexion extension 
 
Under internal rotational torque, the graft centroid shifted a magnitude of 0.29mm, 0.42mm, 
0.33mm at 0°, 15°, 30°of knee flexion angle with an average shift of 0.35mm (4.3% of the tunnel 
diameter) under IR loading (Figure 40). The directional components show that under IR load, the 
centroid of graft moved medially, posteriorly and superiorly. No significant difference was found 
in directional components between any two flexion angles. (Figure 40). 
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Figure 40: Graft shift under internal rotational torque (5 Nm) and flexion extension. 
 
With 89N posterior tibial knee load, the graft centroid shifted a magnitude of 0.37mm, 0.59mm, 
0.44mm, 0.30mm, 0.50mm, 0.40mm at full extension, 15°, 30°, 45°, 60°, and 90° of knee 
flexion, respectively,  with an average shift of 0.43mm (5.4% of the tunnel diameter) (Figure 41). 
The largest shift occurred at 15° knee flexion angle (0.59±0.46mm). The directional components 
of the shift showed that under PT load, the centroid of graft moved medially at all flexion angles. 
Under PT load, the centroid of graft also moved posteriorly and inferiorly at low flexion angles 
and moved anteriorly and superiorly at high flexion angles. No significant difference was found 
in directional components between any two flexion angles (Figure 41).  
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Figure 41: Graft position shift under posterior tibial load (89 N) and flexion-extension. 
 
Under valgus loading, the graft centroid shifted a magnitude of 0.44mm, 0.43mm, 0.39mm at 0°, 
15° and 30° of knee flexion, respectively, with an average shift magnitude of 0.42mm (5.3% of 
the tunnel diameter) (Figure 42). Directional components of the shift were also plotted in Figure 
42. Results show that the graft centroid under valgus loading shifted medially and inferiorly at all 
flexion angles. Under valgus load, the centroid of graft also moved posteriorly at full extension 
and moved anteriorly at 15° and 30° flexion. No significant difference was found in directional 
components between any two flexion angles (Figure 42). 
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Figure 42: Graft position under valgus load (7 Nm) and flexion extension. 
 
With hundreds of thousands ACL reconstruction being done every year, it is logical to 
question the importance of quantifying the ACL graft behavior that can lead to failure and tunnel 
enlargement. Visual inspection of the ACL tunnel and graft, a process that is often aided semi-
automatically by most proprietary MR image processing software, can provide such qualitative 
assessment. However, visual inspection is insufficient to measure the degree to which the graft 
shifts and rotates or to determine the regional variations under external loadings and knee 
motions, with tunnel and graft outlines being scarcely assessable from MR images by the naked 
eye. Regarding knee stability, Kühne et al. concluded that there is no correlation between MRI 
findings and knee stability. A graft that appears good on MRI, with continuity and low intensity, 
may have more than 3-mm difference in anteroposterior translation measured by KT- 2000 [95].  
We observed movement of the graft in the femoral tunnel in all specimens even all 
specimens restored knee laxity after anatomically reconstruction and no graft impingement. The 
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graft averagely shifted 0.58mm (7.2% of the tunnel diameter) under AT loading with the largest 
shift occurred at 30° knee flexion angle with 0.67mm (8.4% of the tunnel diameter). This means 
that even the ACL was reconstructed at its anatomical footprint with 40N graft initial tension, 
there is still a graft shift that occurs under AT load. Under PT load, the largest shift also occurred 
at 30° knee flexion angle with 0.59mm. Averagely it shifted 0.43mm (5.4% of the tunnel 
diameter), smaller than it under AT load. Though ACL is not considered to provide main 
constraint to knee’s posterior tibial motion, there is a graft shift in reconstructed knee under PT 
load. During flexion-extension from full extension to 90°, the biggest shifted distance occurred at 
45° knee flexion angle (0.68mm) when compared to the graft position at full extension. The 
results show that the centroid of the graft does move during knee’s passive even without an 
external load. Whether this can lead to graft failure due to the exposure to cyclic bending forces 
due to the femoral tunnel outlet contact is unknown. However, this relative movement may have 
effect on the post-operation rehabilitation. 
 
 
5.3.3 Percentage of tunnel area at the aperture filled by the graft 
The percentage of the tunnel area filled by the graft during knee flexion/extension and 
external loadings is in Figure 43. During flexion-extension, the percentage of the femoral tunnel 
area filled increased with knee flexion angle from 66.1% (15°) to 90.4% (90°). Under AT 
loading, the filled area of femoral tunnel decreased when compared to the neutral position 
without load, ranging from 52.8% (0°) to 74.9% (90°). Under PT loading, the of tunnel area 
filled from 70.7% (15°) to 87.1% (90°), greater than those of neutral positions. Under IR loading, 
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the area ranges from 70.7% (15°) to 78.5% (30°). Under ER loading, area ranges from 67.3% 
(0°) to 70.6% (30°). Under valgus loading, the area coverage of femoral tunnel ranges from 
66.6% (0°) to 79.0% (30°). However, no statistical significant difference was found in 
percentage of tunnel area filled by the graft between any flexion angles (Figure 43). 
Figure 44 showed a comparison of the percentage (in Sample 14_0900L) of the tunnel filled 
before and after AT loading at different knee flexion angles. The percentage of the femoral 
tunnel filled by the graft increased with knee flexion angle and the AT load tends to reduce the 
percentage.  
 
Figure 43: Percentage of femoral tunnel aperture filled by graft under external loadings and knee 
flexion 
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Figure 44: Femoral tunnel filled by graft under (a) knee flexion and (b) AT load (Sample 14_0900L) 
 
The reason why graft shifts and rotates in the tunnel is that the graft does not always 
filled the entire tunnel due to a difference in graft size or graft contraction when loaded. A space 
between the graft and tunnel is frequently observed in ACL reconstructed knee. It is important to 
quantify the percentage that the graft in the tunnel. In this study, the result shows that when 
placed in a tunnel of the same diameter and tensioned, the soft tissue graft occupies 
approximately 70% of the tunnel area and tends to contact under anterior loading[75]. The 
percentage of tunnel occupied by the graft under passive flexion ranged from 67-90% and was 
reduced to 53-75% under anterior knee load. Under posterior knee load, the percentage increased 
to 71% to 87%. There is also significant motion of the graft within the tunnel. The percentage 
tends to increase with the flexion angle. This might be related to the distance between femoral 
and tibial tunnel in anatomical single bundle ACL reconstruction. The change of tunnel to tunnel 
distance during flexion extension leads to the graft being lengthen or shorten, thus cause the shift 
as well as the percentage change of the graft at the aperture. This suggests an appropriate tunnel 
placement as well as rehabilitation time should be considered to allow for graft healing which 
could reduce graft motion in the tunnel. 
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5.3.4 Percentage of tunnel boundary at the aperture in contact with the graft 
The contact area percentage under external load and during flexion/extension is listed in 
Table 9. The contact area is defined as the percentage of tunnel circumference that is in contact 
with the graft.  The contact area between graft and bone changes with flexion angle as well as 
external load (Figure 45). Under AT load, the average contact area percentage (mean: 58.4 %, 
range: 53.85%~63.3%) is smaller than with no knee load (mean: 61.5%, range: 54.0%~67.5%), 
while under PT load the percentage is bigger (mean: 65.2%, range: 57.7%~73.8%). The contact 
area change is relatively smaller with internal/external load. It ranges from 55.4%~59.9% for 
internal rotation and 57.0%~60.8% for external rotation. With valgus load, the range is 
57%~66.7%. Although, all external loads tend to change the amount of tunnel-graft contact no 
statistically significant difference was found between graft area under any external loadings at all 
knee flexion angles. 
 
 
Figure 45:  Percentage of graft contact area with external load and flexion/extension 
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Table 9: Percentage of femoral tunnel outline contact with graft for each external loading condition and 
flexion/extension (F/E). 
 F/E ATT PTT IR ER VAL 
0° 64.5%±13.2% 57.0%±11.5% 57.7%±15.6% 55.4%±13.4% 59.8%±13.5% 57.0%±12.6% 
15° 54.0% ±9.7% 53.8%±11.1% 57.7%±16.0% 58.3%±14.7% 57.0%±15.4% 59.7%±12.2% 
30° 57.5%±16.7% 55.7%±7.8% 60.3%±14.9% 59.9%±15.2% 60.8%±14.0% 66.7%±15.0% 
45° 62.6%±18.1% 58.9%±18.7% 71.7%±16.3% n/a n/a n/a 
60° 62.8%±18.9% 61.4%±18.5% 70.1%±17.8% n/a n/a n/a 
90° 67.5%±22.2% 63.3%±18.3% 73.8%±22.9% n/a n/a n/a 
 
 
 
The result of contact area between the graft and bone also shows that the graft shifted and 
changed angular position in the tunnel during knee motion and external loads. Previous studies 
have documented the “bungee effect” and “windshield wiper effect” of graft that moves inside 
the tunnel during knee motion, in either a longitudinal or a transverse direction, that may cause 
femoral tunnel enlargement[75, 99, 170]. The results in this study showed the that the graft tends 
to move around the tunnel circumference during knee flexion-extension as well as external 
loadings. The average bone-graft contact region percentage at neutral position is about 61.5%, 
ranged from 54.0% to 67.5%. Anterior loading tends to reduce the amount of graft-tunnel contact 
to an average value of 58.4 %, ranged from 53.85% to 63.3%. This may cause contact stress on 
the tunnel aperture which may contribute to tunnel enlargement after surgery. The contact area 
percentage before and after anterior load shows that though the centroid of graft shifted away 
from the tunnel center, it does not increase the contact area with the tunnel. This indicates that 
there might be longitudinal movement of the graft under anterior load.  
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5.3.5 Angular Position of contact area during flexion/extension and under external 
loadings 
The angular position change of contact area under external load and during flexion-
extension is listed in Table 10. Based on a right knee, a positive value means graft contact 
position moved counterclockwise and negative value means clockwise movement. The graft 
angular contact position had a larger change under PT load (mean: 11.6°, range: 1.5°~20.1°) than 
under AT load (mean: 10.85°, range: 3.7°~24.8°). Under AT load, the rotational position of the 
contact region increased with flexion angle, with an average value of 24.8° and the maximum 
change occurred at 90° knee flexion. Under PT load, the contact region position rotates 
counterclockwise based on right knee with the maximum rotation 20.1° at 60° knee flexion. The 
mean value for contact region rotation under IR, ER and valgus moments are 10.6° (10.4°~11.0°), 
11.8° (5.8°~16.6°) and 3.8° (2.3°~5.1°), respectively (Figure 46). However, no statistically 
significant difference was found between rotation angles with any external loadings at all knee 
flexion angles. 
During knee flexion-extension, the contact area rotates when the knee flexed from full extension 
to 90° of knee flexion. Compare to the graft position at full extension without external load, the 
graft rotates 5.6°, 8.3°, 7.3°, 13.8°, 32.8° at 15°, 30°, 45°, 60° and 90° knee flexion angle, 
respectively (Figure 47). The center of graft-tunnel contact angle tended to change from anterior 
distal (158°±11.5°) to posterior distal (190°±32.3°) during passive flexion (Figure 48). One-way 
repeated measures ANOVA was used to determine statistically significant (p < 0.05) in graft 
rotation at different knee flexion angles. Significant differences were found between 90° and 15°, 
30°, 45° of flexions (Figure 47). 
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When the knee flexed from full extension to 90° flexion, the graft-bone contact region 
rotates as much as 32.8°. The location of graft-tunnel contact also shows there is transverse 
movement of graft in the tunnel. The location of graft-tunnel contact indicated that the 
movement of the contact region around the tunnel edge may contribute to the femoral tunnel 
enlargement after ACL reconstruction. Clinically, movement of the ACL graft in bone tunnel 
offers a potential explanation for the lack of graft-tunnel ingrowth[155]. Moreover, the graft shift 
in the femoral tunnel may result in tunnel enlargement, and it can be affected by tunnel position 
in ACL reconstruction. 
 
 
 
Figure 46: Contact region angular location compared to neutral position at different under external 
loadings. 
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Figure 47: Contact region change in angular position as compared to the full extension position. 
 
Table 10: Angular position change of graft in femoral tunnel for each external loading condition and 
flexion/extension (F/E). 
 F/E ATT PTT IR ER VAL 
0° n/a -3.7°±1.8° 11.7°±13.9° 10.5°±16.9° 5.8°±1.8° 4.1°±2.2° 
15° 5.6°±7.0° -5.5°±3.7° 16.2°±9.2° 11.0°±4.8° 12.9°±4.3° 5.1°±9.0° 
30° 8.3°±7.9° -8.2°±5.0° 11.8°±11.5° 10.4°±13.5° 16.6°±14.3° 2.3°±6.4° 
45° 7.3°±10.9° -12.2°±11.3° 8.3°±8.9° n/a n/a n/a 
60° 13.8°±11.2° -14.0°±16.5° 20.1°±17.3° n/a n/a n/a 
90° 32.8°±20.8° -24.8°±20.3° 1.5°±26.9° n/a n/a n/a 
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Figure 48: Percent graft-bone contact and mid-point angle during (a) passive flexion-extension and 
(b) under anterior tibial load. 
 
5.4 CONCLUSION 
This study investigated and quantified graft position at the different flexion angles in anatomical 
single bundle ACL reconstructed knees under external loads and passive flexion by using robotic 
system and laser scanning. To that end, the percentage of tunnel filled by graft, percentage of 
tunnel circumference in contact with graft, graft rotate under load or passive flexion and graft 
centroid shift were measured and described. Data was analyzed using one-way repeated 
measures ANOVA with statistical significance at p < 0.05. Statistical analyses were performed to 
compare the graft position at different flexion angle and external loading.  The results showed 
that the ACL graft shifts and changes contact position in the femoral tunnel as the knee joint 
under external loads and passive motion, as described by previous studies [83, 121, 177]. The 
data also found that when placed in a tunnel of the same diameter and tensioned, the soft tissue 
graft occupies approximately 70% of the tunnel area and changed location in the tunnel  with 
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knee motion and external load. Laser scanning offers a precise measuring method for 
determining the graft position in the bone tunnels. 
The data obtained in this study may have important implications in biomechanical studies 
of ACL reconstruction. Femoral tunnel widening has been observed and reported in various 
studies[15, 28, 35, 79]. By distinguishing the graft behavior as well as the interaction between 
graft and bone during knee loading, it may provide insights into the biomechanical factors that 
might be related to femoral tunnel enlargement and may be useful for determining appropriate 
rehabilitation time. Clinically, numerous ACL reconstruction techniques have been proposed[10, 
41, 72]. Our methodology might provide guidance in evaluating the graft behavior in the 
reconstructed ACL at time zero, and in determining the optimal femoral tunnel location. This 
experimental method may provide useful information on the design of ex-vivo biomechanical 
experiments of other soft tissue reconstructions, such as in PCL or MCL reconstructions. Finally, 
having knowledge of the contact area and centroid position of the graft can be necessary to 
compare to three-dimension finite element models that are developed to simulate and predict 
biomechanical behavior of ACL graft in reconstructed knees. Certain limitations of this study 
should be noted. First, this study uses laser scanning as tool to measure the change of the graft on 
the femoral tunnel aperture of cadaver knee which only provide information on surface, and the 
quality of scanning depends on the knee dissection. Second, since this study was performed on 
cadaver specimen, other biological factors such as healing and muscle forces were not included 
in this study.  
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6.0  FINITE ELEMENT MODEL OF THE GRAFT AND TUNNEL FOR SINGLE 
BUNDLE ACL RECONSTRUCTION 
This research applied knee kinematic data from robotic testing in a computational approach to 
study ACL graft behavior with different knee loading conditions. The objectives of this research 
were to determine the ACL graft deformation on anatomically reconstructed knee model, graft 
force and contact pressure between graft and bone during flexion/extension and external loadings 
using a combined experimental-finite element (FE) model. The hypothesis was that ACL graft 
moves in the tunnel and may increase contact pressure between the ACL graft and tunnel. To 
conduct this study, finite element analysis will be developed with consideration of material 
properties, mesh, boundary conditions and loads. The geometry of the model was rebuilt from 
CT scanning and kinematic data of knee will be obtained through robotic testing, which are 
described in Chapter 5.2.3. Three-dimensional joint kinematics were recorded during knee 
testing as described in Chapter 4.3.1. An FE model of the femur-graft-tibia complex was 
constructed for to simulate flexion extension, anterior/posterior translation at 0°, 15°, 30°, 45°, 
60°, 90° and internal/external rotation, valgus at 0°, 15° and 30°, using bone model generated 
from CT images. An isotropic hyperelastic material model with material coefficients taken from 
the literature was used to represent the ACL graft. Tunnel position were registered after ACL 
reconstruction. FE predictions were validated by comparing ACL graft position to experimental 
measurements. 
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6.1 BACKGROUND AND SIGNIFICANCE 
The ACL plays a critical role act as joint stabilizers and movement restrainers in the 
physiological kinematics of the knee joint, being the primary restraint against anterior tibial 
translation and also limiting knee hyperextension [40, 96]. ACL rupture is a serious and the most 
common ligament injury, with an increasing number of 100 000 to 200 000 incidences per year 
in the United States alone, among which half of patients choose to have ACL 
reconstruction[161]. Knowledge of biomechanics of the knee and the behavior of ACL graft are 
indispensable to evaluate the graft strain, its positions in tunnel and to improve surgical 
procedures. While experimental studies have limitations such as their high cost, computational 
models are a good alternative to study several biomechanical quantities with reduced costs and 
time. In particular, the finite element (FE) method can provide accurate and medically relevant 
results [12, 74, 91, 105, 131, 141, 175]. The FE simulation technique permits a precise 
calculation of both spatial and temporal variations of stresses, strains and contact areas/forces in 
different situations that are reproduceable[93, 132, 165]. Therefore, FE analysis is a powerful 
tool in providing biomechanical information that can be extremely useful in a clinical context. 
The existing  FE models of the ACL and ACL graft, vary in parameters, such as the degree of 
complexity, material model and loading conditions. Due to the complex anatomy and various 
structures of the knee joint, many of the FE studies simplify the analysis by not including parts 
such as the menisci and the articular cartilage or other ligaments [47, 62, 70, 116, 131, 133, 165]. 
Some studies chose to represent the knee ligaments with one-dimensional truss/beam [2, 17] or 
spring [70, 104, 116] elements with simplified material properties. Despite the increased ease in 
obtaining kinematic and force data, this approach does not allow to determine the stress 
distribution in the ligaments [139, 182]. When using three-dimensional representations of the 
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ligaments, the challenge is to develop a material model that can characterize the behavior of 
ligaments. To this matter, isotropic [139, 145, 146, 165, 182], transversely isotropic [43, 48, 62, 
105, 132, 133] and anisotropic hyperelastic material models [90, 176] have been used. Although 
a widely studied topic on the FE modeling context, the development of a trustworthy model of 
such a complex structure as the knee joint is still a very challenging process. The difficulties are 
increased when a good description of the ligaments behavior is required. 
The overall goal of this work is to develop a 3D FE model that enables a biomechanical analysis 
of the graft behavior after an ACL reconstruction.  This work aims to provide clinical relevant 
information regarding the forces, strain and displacement changes that occur in an ACL graft 
during flexion extension and under external loads.  
6.2 METHODS 
Computed tomography (CT) images were taken of a knee specimen and used to obtain the 
geometry of the femur and tibia. Polygonal surfaces were extracted from the CT data to generate 
the subject-specific finite element model of the knee. The ACL graft was modeled as cylinder 
with diameter equal to that of the femoral and tibial tunnels. The femoral and tibial tunnel 
positioning were from an experimental ACL reconstruction which was performed by an 
experienced surgeon. The knee sample was tested robotically after ACL reconstruction, and was 
subjected to anterior/posterior loads, internal/external and valgus moments at different flexion 
angles. The FE model was analyzed using the experimentally measured kinematics to determine 
graft positions, contact forces, and graft forces. The predicted results were compared to 
experimental values as validation. 
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6.2.1 Constitutive model of the ACL graft 
Different mathematical models have been developed to capture the mechanical behavior of soft 
tissues. For ligaments, this is most often described by the stress-strain behavior under uniaxial 
tension. An elastic strain energy function 𝑊𝑊𝑒𝑒, proposed by Veronda and Westmann for describing 
incompressible isotropic hyperelastic material behavior was given as[171]: 
𝑊𝑊𝑒𝑒 = 𝛼𝛼exp [𝛽𝛽�?̅?𝐼1 − 3�] + 𝐶𝐶1(?̅?𝐼2 − 3)                                                  (6-1) 
The material constants (𝛼𝛼, 𝛽𝛽, 𝐶𝐶1), which had been determined according to the experimentally 
obtained stress-deformation gradient data of the human ACL as, 𝛼𝛼 =0.26, 𝛽𝛽 = 11.35, 𝐶𝐶1= -1.49 
[141, 165].  
In order to implement this strain energy function into the finite element software (ANSYS), the 
form had to be manipulated. In the software, default form of the strain energy potential for the 
polynomial option is given by: 
𝑊𝑊 = ∑ 𝑐𝑐𝑖𝑖𝑖𝑖(𝐼𝐼1̅ − 3)𝑖𝑖(𝐼𝐼2̅ − 3)𝑖𝑖𝑁𝑁𝑖𝑖,𝑖𝑖=1 + ∑ 1𝑑𝑑𝑘𝑘 (J − 1)2𝑘𝑘𝑁𝑁𝑘𝑘=1                            (6-2) 
where: 
𝑊𝑊 = strain energy potential 
𝐼𝐼1̅ =first deviatoric strain invariant, 𝐼𝐼1̅ = 𝜆𝜆12 + 𝜆𝜆22 + 𝜆𝜆32, with  𝜆𝜆𝑖𝑖 are stretch ratios for 
the unit fibers that are initially oriented along the directions of three axis in the coordinate 
systems and 
𝐼𝐼2̅ =second deviatoric strain invariant, 𝐼𝐼2̅ = 𝜆𝜆12𝜆𝜆22 + 𝜆𝜆22𝜆𝜆32 + 𝜆𝜆32𝜆𝜆12 J = determinant of the elastic deformation gradient F 
𝑁𝑁, 𝑐𝑐𝑖𝑖𝑖𝑖,𝑑𝑑 = material constants 
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The ligament was assumed to be incompressible, so the value of J was set equal to 1. In general, 
there is no limitation on the value of N. A higher value of N can provide a better fit to the exact 
solution. It may however cause a numerical difficulty in fitting the material constants, and it also 
requires more computational calculations. For these reasons, the Taylor series expansion of 
𝛼𝛼 exp[𝛽𝛽(𝐼𝐼1 − 3)] was taken up to the third order.  
Given 𝑥𝑥 = 𝐼𝐼1 − 3, the Taylor series expansion of 𝛼𝛼 exp[𝛽𝛽(𝐼𝐼1 − 3)] is: 
𝛼𝛼e𝛽𝛽𝑥𝑥 = 𝛼𝛼(1 + 𝛽𝛽𝑥𝑥 + 𝛽𝛽2𝑥𝑥2
2! + 𝛽𝛽3𝑥𝑥33! + 𝛽𝛽4𝑥𝑥44! + ⋯ )                                  (6-3) 
Then,  with experimentally obtained parameters of equation (6-1) ( 𝛼𝛼 =0.26, 𝛽𝛽 = 11.35, 𝐶𝐶1= -
1.49) [141, 165], in equation (6-3), 𝛼𝛼 = 0.26, 𝛼𝛼𝛽𝛽 = 2.95, 𝛼𝛼 𝛽𝛽2
2! = 16.7493, 𝛼𝛼 𝛽𝛽33! = 63.3592. 
Therefore, in this polynomial form of the strain energy function the coefficients of the first, 
second and third orders are 2.95, 16.7463, and 63.3592, respectively. This polynomial strain 
energy function was then implemented into the software as a third order polynomial equation 
with the coefficients C10 = 2.95, C20 = 16.7463, C30 = 63.3592 and C01 = -1.49. The femur 
and tibia were assumed to be linear elastic, with Young’s Modulus =19.4 GPa and Poisson’s 
ratio = 0.33[85] 
6.2.2 Transformations between the local coordinate system and global coordinate system 
As shown in Figure 49, three registration screws were placed in the femur and three in the tibia 
prior to CT scan and robotic test. The global coordinate system was defined by the digitizer on 
the experiment base with its three axes aligned with specimen’s anatomical directions (anterior-
posterior, medial-lateral, superior-inferior). A local coordinate system was defined on tibia from 
three tibial registration screws. The origin of the local coordinates system was taken as one of the 
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registration screws. The three orthogonal axes of local coordinates system where defined as 
follow: the first orthogonal axis (𝒊𝒊′) was the unit vector from the origin to one of other two 
registration screws; the second orthogonal axis (𝒋𝒋′) is found by taking the cross product of the 
first axis (𝒊𝒊′) and the unit vector connecting the two other registration screws; and the cross 
product of the first and second orthogonal axis yielded the third axis (𝒌𝒌′). 
 
Figure 49: Placement of registration screws and geometry of femur and tibia from CT scan 
 
The local coordinate system that was fixed in the body of interest was used to describe objects’ 
changing position and orientation with respect to the global reference frame (Equation 6-5). By 
doing this, registration screws position measured with the digitizer during the robotic test could 
be related to the local coordinates of the sample, and the measured rigid body displacement of 
the tibia from the test could be applied in the finite element model.  
The position and orientation in the local coordinate system (FE model) (i’, j’, k’) can be 
transformed to a global reference frame (digitizer/scanner) (i, j, k) by the global position of the 
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local coordinate system origin and global description of the three orthogonal unit vectors (i, j, k) 
that represent the axes of the local coordinate system as follow [54] (Figure 50):  
 
Figure 50: Local coordinate system (i’, j’, k’) defined with respect to the global reference frame (i, j, 
k) 
 
𝑂𝑂𝑂𝑂�����⃗ = 𝑂𝑂𝑂𝑂′�������⃗ + 𝑂𝑂′𝑂𝑂������⃗                                                                           (6-4) 
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Thus, there is a transformation from the global coordinate system to local coordinate system as,  
𝑻𝑻𝑮𝑮𝑮𝑮𝑮𝑮 =
⎝
⎛
𝒊𝒊𝑻𝑻𝒊𝒊′ 𝒊𝒊𝑻𝑻𝒋𝒋′ 𝒊𝒊𝑻𝑻𝒌𝒌′ 𝒙𝒙𝑶𝑶′
𝒋𝒋𝑻𝑻𝒊𝒊′ 𝒋𝒋𝑻𝑻𝒋𝒋′ 𝒋𝒋𝑻𝑻𝒌𝒌′ 𝒚𝒚𝑶𝑶′
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where the values of 𝑥𝑥𝑂𝑂′, 𝑥𝑥𝑂𝑂′, 𝑥𝑥𝑂𝑂′  correspond to the location of the origin of the local 
coordinate system. The result is three orthogonal unit vectors local to the body, but defined in a 
global reference frame (𝒊𝒊, 𝒋𝒋,𝒌𝒌). The transformation from local to global coordinate system can be 
found by taking the inverse: 
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𝑻𝑻𝑮𝑮𝑮𝑮𝑮𝑮 = 𝒊𝒊𝒊𝒊𝒊𝒊(𝑻𝑻𝑮𝑮𝑮𝑮𝑮𝑮)                                                              (6-7) 
Thereby, the position and orientation of the bones that is measured during the robotic test in 
scanner’s global coordinate system can be converted and applied to the FE model analysis as a 
displacement in its local coordinate system.  
6.2.3 Geometry 
Three-dimensional solid models of the tibia and femur were generated from a computer 
tomography (CT) scan of the same cadaver knee (46 yrs old, female, right knee) used in Chapter 
5.0  (Figure 49). The Standard Digital Imaging and Communications in Medicine (DICOM) 
images were acquired from the CT imaging (LightSpeed VCT, GE) with the following 
parameters: (i) scan matrix size = 512 x 512; (ii) pixel size = 0.2734 mm; (iii) slice thickness = 
0.6224 mm. The CT scans the femur and tibia in slices and captures a digital grey scale image of 
each slice. Each slice was taken axially along the femur and tibia. The raw imaging data was 
then post-processed and used to generate 3-D solid models using digital imaging software 
packages (MIMICS, Materialise NV). Bones were distinguished and separated from soft tissue 
by defining radiographic density threshold that corresponds to bone by the software, and 
generate a 3-D surface model of the femur and tibia. To further process the surface geometry of 
the bones, the 3-D surface model was exported and imported in to modeling software 
(Geomagics Studio, Morrisville, NC) which was used to patch any holes and smooth sharp edges 
and surface irregularities due to inherent thresholding and slice spacing of the CT imaging. Once 
surface irregularities were removed, a solid model of the femur and tibia were imported into 
software (Dassault Systemes SolidWorks Corp., Waltham, MA) for further manipulation. In 
order to measure the rigid body motion of the femur and tibia, three aluminum screws were 
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implanted in the femur and three in the tibia (Figure 49). The three registration points were 
measured in specimen by digital measurement (Faro arm, Faro Inc.) and also determined in CT 
scanning by including the registration screws in the software.  
The edges of femoral and tibial tunnel entrances and exits were probed in the specimen and their 
corresponding positions in FE model was determined by applying transformation from their 
position in global coordinate system to local coordinate system. The tunnels were placed in the 
model by subtracting cylinders with same diameter as tunnel and passing through the outlines of 
the femoral and tibia tunnel (Figure 51). 
 
Figure 51: femoral and tibia tunnel in the FE model 
 
The portion of graft in the tibia tunnel was assumed to have a cylindrical of the same diameter as 
the tunnel. The end face of the graft on the tibia side was attached to the end surface of the 
tunnel. On the femur side, the graft was assumed to be 5mm longer than the femoral tunnel in 
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order to apply an initial tension. The middle portion was assumed to have cylinder shape which 
connected femoral portion and tibial portion graft (Figure 52). And the graft was modelled with 
an isotropic hyper-elastic material model as describe previously 
 
 
 
Figure 52: Geometry of graft represented by two portions determined by tibial and femoral tunnel 
and a third portion treated as a cylinder connecting the two portions  
 
6.2.4 Boundary and initial conditions 
The analysis of the FE model was divided into two stages: the analysis due to initial tensioning 
of the graft and the application of the known bone displacement measured during the robotic test. 
Deformation of the graft was calculated in analysis 1 and then applied in analysis 2 together with 
the kinematics of the bones (Figure 53).  
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Figure 53: Two steps of analysis used in the finite element model. 
 
6.2.4.1 Analysis 1:  Application of initial graft tension 
In ACL reconstruction an initial tension is applied to the graft. In this study, a force of 40N along 
the graft axis was applied at full extension of the knee. This initial tension is same as surgeons 
applied to the experimental study in Chapter 4.3.1.  
In analysis 1, the femur and tibia were held fixed at full extension, displacement and rotation in 
all directions were set to be zero. The end surface of the tibial graft on the tibia side was rigidly 
fixed to the tunnel surface and a 40 N load was applied along the direction of the long axis of 
femoral tunnel on femoral side. The contact interface between the graft and the tunnel was set to 
be frictional, and two frictional coefficient of 0.2 and 0.8 were modelled and the results were 
compared (Figure 54)[12]. Analysis 1 simulates the graft fixation procedure and result with a 
graft tension. The result of this analysis will be used as the initial conditions for the second 
analysis. 
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Figure 54: Boundary conditions used in analysis 1 for the calculation graft deformation due to initial 
tensioning.  
 
6.2.4.2 Analysis 2: Application of Tibial Displacement 
 
In the second analysis, the input of kinematic data of the tibia displacement, that was obtained 
from the robotic testing will, be applied to the model. In the experimental study described in 
Chapter 4.3.1, specimen was manipulated by the robotic system and rigid-body motion of bones 
in three-dimensions was measured by a spatial digitizer ((Faro arm, Faro Inc.)) with positional 
accuracies of 0.03mm. The passive flexion-extension path of the joint was determined by 
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methods previously described in Chapter 4.0 and the location of the three tibial registration 
screws were digitized at 3° increments from 0° to 90° of flexion, while the femur remained fixed. 
Also, when the specimen was tested under external loads (ATT, PTT at 0°, 15°, 30°, 45°, 60° 
and 90° degrees of flexion, IR, ER, VAL at 0°, 15° and 30° degrees of flexion), the three tibia 
registration screws were digitized at 0.5 mm increments of displacement through the range of 
motion of the tibia. The kinematic data measured by the digitizer in its global coordinate system 
was transformed to local coordinates and applied as displacement boundary conditions of the 
tibia in the FE model (Figure 55). 
In this model, the results of the first analysis corresponding to the 40N initial fixation tension, 
was used as the initial state with the end surface of graft on the femur side will be fixed at its 
extended position. Experimental data for the knee under flexion-extension, AT, PT, IR, ER and 
VAL will be applied to the tibia.  
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Figure 55: Boundary conditions used in analysis 2 for modeling the knee motion and external loads. 
6.2.5 Model and experimental comparison of results 
The experimental measurement of graft position in the tunnel using a scanner/digitizer 
measurement device (Faro arm, Faro Inc.) and the graft force measured in the same study by 
robotic system as described in Chapter 5 are compared with the results of FE model. The model's 
validity was assessed by comparing graft force and position under external load of the FE models 
with those of the experimental test under the same loading conditions. Relative error caused by 
using polynomial approximation with third order Taylor series expansion in material constitutive 
equation will be analyzed. Some differences were expected in graft force because of the 
assumptions of isotropy and cylindrical shape and that the hamstring graft used for the 
experiment had variations in geometry and material properties.  
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The graft force and the center of the graft at femoral tunnel aperture under external loads (AT, 
PT, IR, ER, VAL) at full extension will be calculated and compared with experiment results. The 
interpretation of the validation test is based on the assumption that if graft force and graft 
position change match those of the FE model under approximately identical conditions, then the 
model validation test is successful, building confidence in the assumption that graft force and 
position values at other flexion angles would have accurate matches between actual and FE 
model results. 
6.3 RESULTS AND DISCUSSION 
To check to error associated with truncating the Taylor series at 3rd order, equations 6-1 and 6-2 
were evaluated at all nodes in the model at the end of a full flexion cycle. The average relative 
error between the model and the Taylor series approximation for the model during flexion was 
0.70% and the maximum relative error was 5.2%, which was sufficiently small to consider 
Taylor series at 3rd order a valid approximation.  
6.3.1 Graft Position 
The center of the graft at the femoral tunnel aperture was evaluated under external load and 
flexion extension. Graft shift under external load was calculated as the difference of the center 
position between loaded and unloaded graft at a flexion angle. While the graft shift during 
passive flexion was calculated as the difference of the center position between full extension and 
a given flexion angle. The results were compared to experiment measurements.  
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Under AT loading, ACL graft shifted a magnitude of 0.063mm, 0.30mm, 0.51mm, 0.48mm, 
0.22mm, 0.24mm at full extension, 15°, 30°, 45°, 60°, and 90° of knee flexion angle with an 
averagely shifted magnitude of 0.30mm (3.8% of the tunnel diameter). The largest shift occurred 
at 30° knee flexion angle with 0.51 mm. Graft centroid shifts in all three anatomical directions 
(medial-lateral, posterior-anterior and superior-inferior) were all smaller in magnitude than those 
measured experimentally (Figure 56). However, they were all within the range of 95% 
confidence intervals of average experimental measurements.  
 
 
Figure 56: Graft shift under anterior tibial (AT) load with respect to the position without external 
load at different knee flexion angles  
 
With 89N posterior tibial load, the graft shift more at low flexion angles. Graft centroid shifted a 
magnitude of 0.23mm, 0.25mm, 0.22mm, 0.23mm, 0.083mm, 0.062mm at full extension, 15°, 
30°, 45°, 60°, and 90° of knee flexion angle with an averagely shifted magnitude of 0.18mm 
(2.2% of the tunnel diameter). The largest shift occurred at 45° knee flexion angle with 0.23mm. 
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The directional components show that under PT loads, the centroid of graft moved mainly in 
posterior and superior direction (Figure 57).  
 
Figure 57: Shift of graft center under posterior tibial (PT) load with respect to the position without 
external load at different knee flexion angles 
 
Under internal rotation, graft centroid shifted a magnitude of 0.076mm, 0.058mm, 0.26mm at 
full extension, 15°, 30°of knee flexion angle with an averagely shifted magnitude of 0.13mm 
(1.6% of the tunnel diameter). The maximum shift occurred at 30° knee flexion angle with 
0.26mm. The directional components show that under ER loads, the centroid of graft moved 
medially, posteriorly and superiorly, matching the result of experimental measurement (Figure 
58).  
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Figure 58: Shift of graft center under internal rotation (IR) load with respect to the position without 
external load at different knee flexion angles 
 
Under external rotation, ACL graft shifted a magnitude of 0.17mm, 0.15mm, 0.30mm at full 
extension, 15°, 30°of knee flexion angle with an averagely shifted magnitude of 0.21mm (2.6% 
of the tunnel diameter). The maximum shift occurred at 30° knee flexion angle with 0.30mm.  
With external rotation, the centroid of graft mainly moved medially, anteriorly and inferiorly at 
full extension and 15° flexion, moved medially, posteriorly and superiorly at 30° flexion (Figure 
59).  
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Figure 59: Shift of graft center under external rotation (ER) load with respect to the position without 
external load at different knee flexion angles 
 
Under valgus loading, graft centroid shifted a magnitude of 0.19mm, 0.24mm, 0.13mm at full 
extension, 15° and 30° of knee flexion angle with an averagely shifted magnitude of 0.19mm 
(2.3% of the tunnel diameter), smaller than experiment results. Directional components of the 
shift were also calculated. Results shows that the graft centroid under valgus loading shifted 
medially and inferiorly at all flexion angles. Under valgus loads, the centroid of graft also moved 
posteriorly at full extension and moved anteriorly at 15° and 30° flexion (Figure 60).  
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Figure 60: Shift of graft center under valgus rotation (VAL) load with respect to the position without 
external load at different knee flexion angles 
 
During knee passive flexion from full extension to 90° flexion without external loads, graft 
centroid shifted a magnitude of 0.085mm, 0.10mm, 0.057mm, 0.073mm, 0.14mm at 15° and 30° 
45°, 60° and 90° flexion compared to the graft position at knee full extension. Directional 
components of the shift matched the experimental test results. However, the magnitudes of the 
shift were averagely 15% of the value from experiment measurement (Figure 61). This could due 
to the idealized graft geometry, no space existed between the graft and tunnel. While in 
experiment test, a gap between the graft and the bone was usually observed in reconstructed 
knee. 
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Figure 61: Graft shift in flexion with respect to the position without external load at full extension 
 
The reason to the difference between FE model and experiment results could be: (1) graft 
geometry. In experiment test, a gap was usually observed in reconstructed knee. The gap allows 
graft to move within femoral aperture without contacting the bone. While in FE model, the graft 
was treated as cylinder connecting femoral and tibial tunnel with same diameter as the tunnel. 
Any shift or rotation caused by external load or flexion would give rise to contact between graft 
and bone. The resultant frictional force or graft end constraint force could contribute to smaller 
shift of the graft or rotation; (2) material model. The graft was harvest from hamstring which was 
also soft tissue with anisotropic hyperelastic properties. The graft in FE model bears contact 
force and also frictional force between graft and bone, which were in the transverse direction. 
With an isotropic hyperelastic material model used in modelling the graft, FE model result could 
be affected.  
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6.3.2 Graft-Tunnel Contact Position 
The graft-tunnel contact positions during flexion and under external loads are plotted in Figure 
62, along with experiment results as a comparison. It is noted that both the experiment and FE 
model results were converted to a left knee representation, and the positive position indicate a 
clockwise rotation of the graft on a left knee. The graft angular contact position increased as the 
knee flexed from full extension to 90° flexion, showing the same trend as found in experiment 
test. It moves a greater amount from 45° to 90° flexion when compared to experiment result. 
Under external loads, however, the FE model shows smaller positional change when compared 
to experiment results. The maximum change in angular position under AT load occurred at 30° 
of flexion with -3.6°.  The maximum change under PT load occurred at 15° of flexion with 7.2°.  
Angular change was larger at higher flexion angles when the knee was under internal rotation. 
External rotational loading of the tibia caused graft angle change, but angle did not change much 
between different knee flexion angles, with average value of 6.8°. Valgus rotational loading 
caused maximum angle change at full extension, with a value of 12.6°.  
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Figure 62: Graft-tunnel contact angular position change  in the femoral tunnel based on left knee 
model during: (a) flexion; (b) anterior tibia (AT) load; (c) posterior tibia (AT) load; (d) internal rotational 
(IR) load; (e) external rotational (ER) load; (f) valgus rotational (VAL) load. 
 
The FE model showed that the graft-tunnel contact position changes in the femoral tunnel during 
flexion and under external loads. The position changes by up to 55° during flexion from full 
extension to 90° of extension implying that the so-called “wiper effect” occurs during most of 
flexion angles. This could be an important mechanical contribution to the femoral tunnel 
enlargement after ACL reconstruction[50, 75, 174, 177]. The data also suggests that different 
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regions of femoral tunnel aperture, particularly the anterior region, may be under significantly 
more contact force from the graft than other areas of the aperture during the anterior translation 
test, potentially cause femoral tunnel enlargement further to the anterior side of the aperture.  
 
6.3.3 Graft force 
In this study the graft force was evaluated during flexion and under external loads at six flexion 
angles using a subject-specific finite element model of the knee joint. The graft force was 
evaluated at the mid-section of the graft as the force in the direction of the graft’s long axis 
(Figure 63). The graft force during knee flexion at full extension 15°, 30°, 45°, 60° and 90° 
degrees was calculated (Figure 64). Average graft force through flexion was 60.1N with the 
maximum force occurred at 30° flexion (99.4N). In experiment test, the graft force during knee 
flexion was minimized by robotic system, the graft force measured by robot was the force cause 
by external forces. Differences in FE model was that the initial force applied on the graft was 
carried over to the result of graft force. To evaluate the increased graft force by external loads in 
FE model and compared with experiment test result, the value of graft forces at each flexion 
angles after tensioning but without extra external loads were set as baseline. And the increased 
graft force by external loads was calculated by subtracted the baseline forces from the resultant 
graft force external loads.  
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Figure 63: Coordinate at the mid-section of the graft with z axis in the direction of the graft’s long 
axis 
 
 
Figure 64: Graft force during passive knee flexion from full extension (FE) to 90° knee flexion. 
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After ACL reconstruction, the relative position of femur and tibia in response to external loads at 
full extension 15°, 30°, 45°, 60° and 90° degrees of flexion were recorded, including tibial 
translation and tibial rotation. With the experimentally obtained knee kinematics input as 
boundary conditions in the FEM of the ACL, the calculated forces in the graft model were 
61.27N, 61.17N, 51.86N, 48.87N, 42.21N and 4.54N in response to the AT loads at full 
extension, 15°, 30°, 45°, 60° and 90° degrees of flexion (Figure 65). The corresponding 
experimental in-situ forces in the graft under the same loading conditions were 71.7N, 77.0N, 
73.5N, 56.9N, 40.4N, 39.1N at full extension, 15°, 30°, 45°, 60° and 90° degrees of flexion 
(Figure 65). The calculated force in the graft model varied from the experimental results by -
14.8N ± 11.4 N.  
The graft forces under PT loads, were higher than the average of experiment measurement. The 
graft forces were 38.9N, 43.2N, 39.1N, 35.2N, 19.0N and 12.1N at full extension, 15°, 30°, 45°, 
60° and 90° degrees of flexion, while experimental measurement results were 18.2N, 11.1N, 
9.5N, 8.6N, 7.1N and 7.0N at corresponding flexion angles. 
          With the knee model, the graft forces were calculated with 5 Nm internal/external 
rotational load and 7 Nm valgus at full extension, 15° and 30° degrees of flexion. The calculated 
force of the graft was 31.7N, 35.8N, 8.8N under internal rotation, 25.1N, 12.5N, 8.6N under 
external rotation and 31.5N, 31.2N, 31.6N under valgus load at full extension, 15° and 30° 
degrees of flexion respectively (Figure 65). The calculated graft force in FE model was 83.5%, 
103.9%, 194.0% of average graft forces that measured in experimental test in response to 
internal rotation, external rotation and valgus load. The simulated ACL reconstructed knee in the 
FE model yielded a close match with the experimental result regarding to the graft force under 
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external loads, within the range of 95% confidence intervals of average experimental 
measurements, in support of the validity of the proposed FE model.  
 
 
Figure 65: Graft force under external loads under different flexion angles  
 
 
6.3.4 Frictional Coefficient 
Different values of frictional coefficient between the bone tunnel and  graft were evaluated in 
previous studies[12, 30].  Chizari et al. assumed  that the interaction between the bone (cortical 
and cancellous) and graft had a friction coefficient of 0.25 [30], while Bae et al. used the value of 
0.1 when using finite element modeling to analyze two techniques of ACL reconstruction [12]. 
Considering the roughness of the bone tunnel and the interaction between soft tissue and bone, 
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two different friction coefficients (0.2 and 0.8) were considered to the model. The constrained 
force at the end surface of graft on the femoral side and maximum von-Mises stress were 
compared to see the effect of frictional coefficient to the results.  
The graft end constraint force result shows that with a high friction coefficient, the graft end 
constraint force was lower at low flexion angle and higher at high flexion angle when compared 
to the result of model with the lower friction coefficient (Figure 66). However, the mean graft 
end constraint force at the end surface of graft on the femoral side does not vary with different 
frictional coefficients. The maximum von Mises stress in the graft, however, increased with 
increasing coefficient of friction (Figure 67).  The increasing von Mises stress suggests that with 
higher coefficient of friction, the interaction of the graft and bone tunnel could cause the tunnel 
enlargement or the graft to fail.   
 
 
 
 
Figure 66: Graft force with two frictional coefficients (0.2 and 0.8) between graft and femoral tunnel 
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Figure 67: Maximum von-Mises stress in graft during knee flexion in the FE model with frictional 
coefficient 0.2 and 0.8 
 
Figure 68 showed the maximum von-Mises stress in the ACL graft when the at 90° knee flexion. 
The location of maximum von-Mises stress occurred at the contact interface between graft and 
tunnel aperture. In the figure, we could also notice the high stress concentration at the place 
where graft bend to accommodate to knee flexion. The bending of the graft could also contribute 
to the high stress of the graft. 
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Figure 68：Location of maximum von-Mises stress in the ACL graft at 90° knee flexion 
 
6.3.5 Mesh Sensitivity Analysis 
To evaluate the effect of mesh refinement effect on the model result, the number of elements in 
the ACL graft was varied by changing element edge lengths. Two different sizes of elements 
were tested in this study, one with maximum edge lengths 2.7e-3m and the other one with 15% 
smaller edge lengths (Figure 69). The constrained force at the end surface of graft on the femoral 
side and the maximum von-Mises stress were compared between two models’ results. 
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Figure 69: Two different sizes of elements were tested in this study: a) 100% (maximum edge lengths 
2.7e-3m) and b) 85% edge lengths. 
 
The mesh sensitivity analysis reveals that the magnitude of graft end constraint force has only a 
very minor change with finer mesh (Figure 70). The maximum relative difference is about 8% at 
57° knee flexion.  The difference of maximum von-Mises stress with two models are greater than 
those of graft end constraint force, with an average value of 4.9 MPa for refined model and 5.3 
MPa for unrefined model (Figure 71). However, the average error in graft end constraint force 
between the two model is 0.6% and 7.3% relative difference in maximum von-Mises stress, 
indicating that the model result of graft force is almost unchanged by applying extra mesh 
refinement to the original mesh.  
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Figure 70: Graft end constraint force during knee flexion for the model and with 85% element size  
 
 
Figure 71: Maximum von-Mises stress in graft during knee flexion for the model and with 85% 
element size 
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6.3.6 Graft Initial Tension 
In this study, two different initial graft tensions (40 N and 60 N) were assessed. The maximum 
von-Mises stress and graft end constraint force corresponding to initial graft tensions of 40 and 
60 N during flexion are reported (Figure 72). The average graft end constraint force at the end 
surface of graft for 40 N pretension is 71.1N during flexion, and 94.8N for 60N fixation tension. 
With a 40N pretension, the maximum von-Mises stress was 1.0MPa at full extension without 
other external knee loads. While a pretension of 60 N produced high stresses in the graft, with 
maximum von-Mises stress 1.8MPa at full extension without other external knee loads (Figure 
73). In both cases, the maximum von-Mises stress appeared in the posterior region of the femoral 
insertion of the graft. As flexion progressed, the maximum von-Mises stress of the graft 
increased up to 14.8 MPa with an initial graft tension of 60 N and 12.0 MPa with 40 N of 
pretension. Possibly, a small part of this high stress value is due to numerical problems 
associated to the excessive mesh distortion in the femoral tunnel aperture area or due to the graft 
under bending. 
 
Figure 72: Graft force during flexion with 40 and 60 N initial tension 
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Figure 73: Maximum von-Mises stress in the graft during flexion with 40 and 60 N initial tension 
 
In ACL reconstruction, graft is tensioned when it is fixed. In recent years, a great emphasis has 
been put on tension of the grafts to improve the results of the ACL[19, 56, 84, 102]. However, 
these are still debates about the amount of initial tension should be applied to the graft during 
fixation. While many clinical investigators have suggested an initial tension about 40N[19, 56], 
Kampen et al. performed a clinical study to analyze the influence of the graft tensioning on the 
knee stability of 38 ACL reconstructed patients. In their work, They compared 20 and 40 N 
tensioned grafts and found a graft tension of 20 N was sufficient to restore the knee kinematics 
and they proposed a low tension to minimize the risk of graft degradation[84].. In a finite 
element study, Pena et al. used 0, 20, 40 or 60N to investigate the effect of graft tensioning on 
the knee joint biomechanics [133]. The femur was fixed, and a 134 N anterior load was applied 
to the tibia, specifically at the midpoint of the transepicondylar line, allowing the tibia to move in 
every degree of freedom. Their results show that the ATT after reconstruction was significantly 
closer to that of the intact knee with 60 N of pretension. However, 60N pretension produces a 
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high tension in the graft during knee movement. Suggs et al. developed a 3D computational knee 
model to simulate ACL reconstruction to study the effect of graft initial tensioning in the knee 
joint kinematics [167]. They assumed the graft to be rigidly fixed to the bone at the midpoint of 
the length of each tunnel. Contact between the graft and the tunnel was assumed to be 
frictionless. A simulated 134 N anterior tibia load was applied to the midpoint of the 
transepicondylar line while the knee was fixed at 0º, 30º, 60º and 90º of flexion. They compared 
the knee kinematics after ACL reconstruction under an anterior tibial load of 134 N with 0 and 
40 N of initial tension. They found over-constrained displacements under 40 N of pretension. 
One the contrary, in our study, the obtained graft tension results showed that a model with low 
graft initial tension (40N) better matches the experimental results in the aspect of graft force than 
model with 60N graft initial tension. Both models (40N and 60N) had a high stress between the 
graft and bone. This may indicate that graft damage may occur at the contact region.  
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6.3.7 Tunnel to Tunnel Distance 
The tunnel to tunnel distance was calculated during knee flexion-extension (Figure 74). The 
average distance is 31.1 mm.  Results show there is not a linear relationship between the distance 
and the flexion angle. Tunnel to tunnel distance has its minimum length at full extension (27.6 
mm) and maximum length at 57° flexion (33.2 mm). Correlation coefficients between tunnel to 
tunnel distance and graft end constraint force at the end surface of graft as well as the maximum 
von-Mises stress during flexion with different sets of graft initial tension and friction coefficient 
were calculated (Table 11). Tunnel to tunnel distance has a strong correlation to the graft end 
constraint force during flexion when friction coefficient was 0.2 regardless how much initial 
tension applied to the graft. However, the correlation coefficient between tunnel to tunnel 
distance and maximum von-Mises stress was high as long as the initial tension applied to the 
graft was 40N. Increasing friction coefficient would decrease the correlation between the tunnel 
to tunnel distance and graft end constraint force. Changing initial tension has minor effect on the 
correlation coefficient. This suggests that the maximum von-Mises stress during knee flexion 
was mostly determined by the tunnel to tunnel distance, but the graft end constraint force can be 
affected by the friction coefficient. When the distance between femoral and tibial tunnels 
increases, the graft is being stretched which change the contact with the bone tunnel, thus 
increasing the graft force and affect the stress in the graft. 
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Figure 74: Calculated distance between femoral and tibial tunnel during flexion extension 
 
Table 11: Correlation coefficient between tunnel to tunnel distance and graft end constraint force as 
well as the maximum von-Mises stress with different initial tension and frictional coefficient 
 Tunnel to Tunnel distance 
40N, µ=0.2 (force) 0.64 
40N, µ=0.2 (Stress) 0.73 
40N, µ=0.8 (force) 0.33 
40N, µ=0.8 (Stress) 0.71 
60N, µ=0.2 (force) 0.60 
60N, µ=0.2 (Stress) 0.54 
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From the results of the analysis, the correlation coefficient between graft end constraint force and 
tunnel to tunnel distance, the graft force mainly depends on the distance between femoral and 
tibial tunnels. The oscillations in the graft force such as shown in Figure 72 might be explained 
as the result of the changing tunnel to tunnel distance. But the interaction between graft and 
bone, the friction of contact between graft and bone also affects the result. Previous finite 
element study used small values (0.1 or 0.25) for the frictional coefficient between the graft and 
bone[12, 30]. However, considering the roughness of the bone tunnel after drilling, a higher 
frictional coefficient may be more reasonable. In this study, when friction coefficient changed 
from 0.2 to 0.8 in the model, the average graft end constraint force during flexion decrease 
slightly (71.1N vs. 70.1N), and maximum graft end constraint force also had a mild change 
(132.1N vs. 130.9N). With 0.8 friction coefficient, the average stress of the graft increased. 
Changing the initial tension applied on the graft affected the maximum force in the graft but did 
not change the trend of increased tension during flexion. This FE model included frictional effect 
between the ACL graft and the bone, and also an initial tension applied to the graft. Thus, the 
FEM of the ACL reconstruction and the data obtained have added important new information to 
those reported previously in literature [74, 139].  
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6.4 CONCLUSION 
The motivation for this study was to develop a computational knee model that could be used to 
examine the graft behavior and contact between graft and bone in the ACL reconstructed knee. 
The specific objectives of this study were to: 1) create a solid model of the human knee joint 
from three-dimensional CT scan, 2) determine graft position within femoral tunnel and graft 
force under external loads, and 3) determine the effects of graft initial tension and friction 
coefficient. The femur and tibia were considered to be linear elastic material and graft was 
modelled as hyperelastic isotropic material. Initial tension in fixing the graft was considered. 
This model was validated by comparing to experimental results obtained in chapter 5.  
 A 3-D finite element model of a human ACL was constructed based on the geometry of a 43-
year-old female cadaveric knee. Kinematics data was determined experimentally from the same 
cadaveric knee and was applied as the boundary conditions of the model. The graft was modeled 
as cylinder connecting femoral and tibial tunnel. The graft was assumed to be fixed at full 
extension and a 40 N load was applied along the direction of the long axis of the graft model on 
femoral side. The graft force in the ACL was calculated when the knee was subjected to external 
load and flexion extension. The calculated forces of the graft under external load from full 
extension to 90° degrees of flexion were compared to those in situ forces in the graft obtained 
experimentally.  
This computational analysis had three primary weaknesses: sample size (n=1); idealized graft 
geometry; and the use of an isotropic hyperelastic constitutive equation in the finite element 
model. Previous study in Chapter 5 of the graft position in the femoral tunnel shown that there 
are variations in the position and rotation patterns between specimens. Also in this study, a 
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correlation between the tunnel to tunnel distance and graft end constraint force was found in the 
FE model. Therefore, the graft force and position under external loads depends on the tunnel 
position, but location of the femoral and tibial tunnel might vary between different specimen. 
Also knee kinematics may change with different tunnel positions. This study used only a single 
validated FE model based on a single specimen. In the future, a population of finite element 
models could be constructed and validated to predict the variation in the population on a subject-
specific basis and assess the results of this study. Furthermore, the graft geometry was assumed 
to have same shape as femoral and tibial tunnel and a cylinder connecting two portions. The 
assumption will decrease the shift of the graft at the femoral tunnel, and increase the contact 
force between graft and bone. In addition, the effects of fixation types were neglected to simplify 
the simulation model. In future work, a model with realistic geometry of the ACL graft could 
achieve with more accurate simulation results. Finally, the material properties of the hamstring 
graft were assumed to be isotropic and hyperelastic, and the viscoelastic characteristics of the 
graft were not considered. Soft tissues like ligament and hamstring are known to show 
viscoelastic behavior under tensile conditions [141]. In the context of the current study, use of an 
isotropic hyperelastic material might have very little effect on the change of the magnitudes of 
the graft force and shift. Even though a few weaknesses exist, our results are similar to previous 
experimental data that examined six cadaveric knees. 
This study established a methodology to assess the ACL graft behavior under clinical exams 
using a computational model.  
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7.0  SUMMARY 
The understanding of intact ACL and ACL graft behavior during knee motion is important to 
improving ACL reconstruction.   The three objectives to this study were designed to develop a 
characterization of strains of AM and PL bundles, determine the role AM and PL bundles during 
knee flexion and under external loads, and identify graft position in reconstructed knee.  
Chapter 4 gives the experiment setup that was developed to quantify longitudinal, 
transverse and shear strain behavior of intact AM and PL bundle of ACL. The DIC measurement 
results show that AM and PL bundles were not isometric in flexion/extension and possess 
different strains, the main changes being lengthening of the AM bundle and shortening of the PL 
bundle during flexion. The changes in strain correlated with their length changing participation 
in total ACL action as the knee flexed. These data could also provide insight into tunnel 
placement as well as fixation angle of the ACL reconstruction.  
In addition to the DIC measurement, another strain measurement technique with markers 
and scanner was used and the results were compared to those of DIC. Features such as the strain 
distribution and surface geometry may not be accurate as those are measured by DIC. These 
markers may not capture the true AM or PL strain during knee flexion and under external loads 
since limited number of markers can be placed on the ACL  
Chapter 5 investigated the ACL graft behavior in cadaver knee under external loads and 
passive flexion. The percentage of tunnel filled by graft, percentage of tunnel circumference in 
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contact with graft, graft-tunnel contact under load or passive flexion and graft centroid location 
were measured. Such an approach has not been attempted before in the analysis of ACL grafts 
and the results show that the graft shifts and changes contact location in the femoral tunnel under 
loading and flexion. When placed in a tunnel of the same diameter and tensioned, the graft 
initially occupies approximately 70% of the tunnel area. With AT load, the percentage of tunnel 
area by graft decreased, while under PT load the percentage of graft area increased slightly. 
These data could provide insight into normal in-vivo ACL graft behavior and function and may 
be useful for determining appropriate rehabilitation time. Further, having knowledge of regional 
graft behavior data can be useful for validation of 3D computational models which are used to 
predict biomechanical stresses in a finite element analysis. 
Chapter 6 utilizes the bone features and tunnel position from the experiment study 
described in Chapter 5 to build finite element model of the experiment. A 3-D finite element 
model of a human ACL was constructed based on the geometry of a 43-year-old female 
cadaveric knee. Kinematics data was determined experimentally from the same cadaveric knee 
and was applied as the boundary conditions of the model.  The graft was modeled as cylinder 
connecting femoral and tibial tunnel. It was fixed at full extension and a 40 N load was applied 
along the direction of the long axis of the graft model. The graft force in the ACL was calculated 
when the knee was subjected to external load and flexion extension. The calculated forces of the 
graft under external load from full extension to 90° degrees of flexion were compared to 
experimentally measured graft forces. 
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APPENDIX A 
LAGRAGIAN STRAIN CALCULATION FROM LASER SCANNER WITH MATLAB 
clear 
close all 
  
S=importdata('beadsimport.xlsx'); 
data1=S.data.neutral0(:,2:4); 
data2=S.data.val0(:,2:4); 
  
  
%% Group points 
  
for i=1:size(data1,1) 
    newdata1(i,:)=data1(size(data1,1)+1-i,:); 
    newdata2(i,:)=data2(size(data2,1)+1-i,:); 
end 
  
  
figure(1) 
scatter3(newdata1(:,1),newdata1(:,2),newdata1(:,3)) 
a = [1:size(data1,1)]'; b = num2str(a); c = cellstr(b); 
dx = 0.01; dy = 0.01; dz=0.01; % displacement so the text does not overlay 
the data points 
text(newdata1(:,1)+dx, newdata1(:,2)+dy,newdata1(:,3)+dz, c(1:size(data1,1))); 
  
figure(2) 
scatter3(newdata2(:,1),newdata2(:,2),newdata2(:,3)) 
a = [1:size(data2,1)]'; b = num2str(a); c = cellstr(b); 
dx = 0.01; dy = 0.01; dz=0.01; % displacement so the text does not overlay 
the data points 
text(newdata2(:,1)+dx, newdata2(:,2)+dy,newdata2(:,3)+dz, c(1:size(data1,1))); 
  
  
% clear  
  
prompt = {'Enter neutral position:node 1 label:','Enter node 2 label:','Enter 
node 3 label:','Enter loaded position:node 1 label:','Enter node 2 
label:','Enter node 3 label:'}; 
dlg_title = 'Input'; 
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num_lines = 1; 
defaultans = {'1','2','3','1','2','3'}; 
  
answer = inputdlg(prompt,dlg_title,num_lines,defaultans); 
  
answer=str2double(answer); 
neut1=newdata1(answer(1),:); 
neut2=newdata1(answer(2),:); 
neut3=newdata1(answer(3),:); 
  
  
load1=newdata2(answer(4),:); 
load2=newdata2(answer(5),:); 
load3=newdata2(answer(6),:); 
  
% Setting up local coord on neutral position 
vz=cross(neut2-neut1,neut3-neut1); 
cz=norm(vz); 
vz=vz/cz; 
  
vx=neut2-neut1; % logitudinal 
cx=norm(vx); 
vx=vx/cx; 
  
vy=-cross(vx,vz); % transvese 
  
V=[vx;vy;vz]; 
  
  
p3_local=(neut3-neut1)*V^(-1); 
p2_local=(neut2-neut1)*V^(-1); 
p1_local=(neut1-neut1)*V^(-1); 
  
  
% Setting up local coord on deformed position 
uz=cross(load2-load1,load3-load1); 
cuz=norm(uz); 
uz=uz/cuz; 
  
ux=load2-load1; % logitudinal 
cux=norm(ux); 
ux=ux/cux; 
  
uy=-cross(ux,uz); % transvese 
  
U=[ux;uy;uz]; 
% Trans_v2u=V\U; 
  
p3load_local=(load3-load1)*U^(-1); 
p2load_local=(load2-load1)*U^(-1); 
p1load_local=(load1-load1)*U^(-1); 
  
% calculate translation 
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translation = p1load_local-p1_local; 
p1b=p1_local; 
p2b=p2load_local-translation; 
p3b=p3load_local-translation; 
  
exx=(p3load_local(1)-p3_local(1))/p3load_local(1)+... 
    (((p3load_local(1)-p3_local(1))/p3load_local(1))^2+... 
    ((p3load_local(2)-p3_local(2))/p3load_local(1))^2+... 
    ((p3load_local(3)-p3_local(3))/p3load_local(1))^2)/2 
  
eyy=(p3load_local(2)-p3_local(2))/p3load_local(2)+... 
    (((p3load_local(1)-p3_local(1))/p3load_local(2))^2+... 
    ((p3load_local(2)-p3_local(2))/p3load_local(2))^2+... 
    ((p3load_local(3)-p3_local(3))/p3load_local(2))^2)/2 
  
ezz=(p3load_local(3)-p3_local(3))/p3load_local(3)+... 
    (((p3load_local(1)-p3_local(1))/p3load_local(3))^2+... 
    ((p3load_local(2)-p3_local(2))/p3load_local(3))^2+... 
    ((p3load_local(3)-p3_local(3))/p3load_local(3))^2)/2 
  
exy=(p3load_local(1)-p3_local(1))/p3load_local(2)/2+... 
    (p3load_local(2)-p3_local(2))/p3load_local(1)/2+... 
    (((p3load_local(1)-p3_local(1))/p3load_local(1))*((p3load_local(1)-
p3_local(1))/p3load_local(2))+... 
    ((p3load_local(2)-p3_local(2))/p3load_local(1))*((p3load_local(2)-
p3_local(2))/p3load_local(2))+... 
    ((p3load_local(3)-p3_local(3))/p3load_local(1))*((p3load_local(3)-
p3_local(3))/p3load_local(2)))/2 
  
exz=(p3load_local(1)-p3_local(1))/p3load_local(3)/2+... 
    (p3load_local(3)-p3_local(3))/p3load_local(1)/2+... 
    (((p3load_local(1)-p3_local(1))/p3load_local(1))*((p3load_local(1)-
p3_local(1))/p3load_local(3))+... 
    ((p3load_local(2)-p3_local(2))/p3load_local(1))*((p3load_local(2)-
p3_local(2))/p3load_local(3))+... 
    ((p3load_local(3)-p3_local(3))/p3load_local(1))*((p3load_local(3)-
p3_local(3))/p3load_local(3)))/2 
  
eyz=(p3load_local(3)-p3_local(3))/p3load_local(2)/2+... 
    (p3load_local(2)-p3_local(2))/p3load_local(3)/2+... 
    (((p3load_local(1)-p3_local(1))/p3load_local(2))*((p3load_local(1)-
p3_local(1))/p3load_local(3))+... 
    ((p3load_local(2)-p3_local(2))/p3load_local(2))*((p3load_local(2)-
p3_local(2))/p3load_local(3))+... 
    ((p3load_local(3)-p3_local(3))/p3load_local(2))*((p3load_local(3)-
p3_local(3))/p3load_local(3)))/2 
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APPENDIX B 
MATLAB CALCULATION OF DISPLACEMENT AND ROATAION OF LOCAL 
COORINATE SYSTEM 
clear 
clc 
  
Fem_sph_CT = [78.721588 98.990831 132.299244; 
90.161314 70.063818 134.687513; 
57.899217 86.963401 130.979839]; 
Tib_sph_CT = [64.1438, 89.1681, -144.5768; 
85.9950, 100.6534, -142.4999; 
90.9795, 76.5965, -145.5774]; 
Tib_sph_Faro = [64.2070  442.3012 -174.0728; 
   86.5045  443.1486 -156.3166; 
   97.4442  445.9812 -183.4876] ; 
Fem_sph_Faro = [84.5240  170.8101 -199.5927; 
  100.5654  168.7417 -181.2746; 
  119.6874  171.8031 -205.7351]; 
%  
% Fem_sph_CT = [58.05, 111.925, 106.702;80.556,124.261,102.329;105.845, 
105.864,103.397] 
% Tib_sph_CT = [65.513,108.553,-112.698;99.632,123.525, -113.727;118.178, 
90.982, -113.203] 
% Tib_sph_Faro = [169.527,187.026,407.587;178.407,151.062,409.772; 214.358, 
155.055, 400.665]  
% Fem_sph_Faro = [157.016,213.651,188.955; 161.467, 187.953, 188.505; 191.772, 
179.80, 189.207] 
  
CT_origin = Tib_sph_CT(1,1:3); 
Faro_origin = Tib_sph_Faro(1,1:3); 
  
%%--------------- CT DATA ---------------- 
% vector from ct origin to sphere two and three 
one_two_ct = [Tib_sph_CT(2,1:3) - CT_origin];  
  
one_three_ct = [Tib_sph_CT(3,1:3) - CT_origin];  
  
% cross to make orthogonal vector 
z_ct = cross(one_two_ct, one_three_ct); 
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y_ct = cross(one_three_ct, z_ct); 
  
%%%% Normalizing to make unit vectors 
x_ct = one_three_ct/(norm(one_three_ct)); 
y_ct = y_ct/(norm(y_ct)); 
z_ct = z_ct/(norm(z_ct)); 
  
%%----------------- FARO DATA -------------------------- 
  
one_two_d =(Tib_sph_Faro(2,1:3) - Faro_origin); 
one_three_d = (Tib_sph_Faro(3,1:3) - Faro_origin); 
  
%%% cross to make orthogonal vectors 
  
z_faro = cross(one_two_d, one_three_d); 
y_faro = cross(one_three_d, z_faro); 
  
%%% normalizing 
  
x_faro = one_three_d/(norm(one_three_d)); 
y_faro = y_faro/(norm(y_faro)); 
z_faro = z_faro/(norm(z_faro)); 
  
T_ltog_ct = [1,0,0,0; 
    CT_origin', x_ct', y_ct', z_ct']; 
T_gtol_ct = inv(T_ltog_ct);  
  
T_ltog_faro = [1,0,0,0;  
    Faro_origin', x_faro', y_faro', z_faro']; 
T_gtol_faro = inv(T_ltog_faro); 
  
data = xlsread('15VAL_data.xlsx'); 
% FE_data = data;  
for i=1:size(data,1) 
FE_data(3*i-2,:) = data(i,1:3)/1000; 
FE_data(3*i-1,:) = data(i,6:8)/1000; 
FE_data(3*i,:) = data(i,11:13)/1000;  
  
data_backward(i,:)=data(size(data,1)+1-i,:);   
  
FE_data_backward(3*i-2,:) = data_backward(i,1:3)/1000; 
FE_data_backward(3*i-1,:) = data_backward(i,6:8)/1000; 
FE_data_backward(3*i,:) = data_backward(i,11:13)/1000;  
  
end 
  
  
vect_fe_data = [ones(1,size(FE_data,1));FE_data.']; 
vect_fe_data_ct = T_ltog_ct*T_gtol_faro*vect_fe_data; 
  
vect_fe_data_backward = [ones(1,size(FE_data_backward,1));FE_data_backward.']; 
vect_fe_data_ct_backward = T_ltog_ct*T_gtol_faro*vect_fe_data_backward; 
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%%%% Finding Starting Positions 
  
vect_fem_faro = [ones(1,size(Fem_sph_Faro,1));Fem_sph_Faro.']; 
vect_fem_ct = T_ltog_ct*T_gtol_faro*vect_fem_faro; 
  
  
  
for i = 1:length(vect_fe_data_ct) 
    fe_data_ct(:,i) = vect_fe_data_ct(:,length(vect_fe_data_ct)+1-i); 
    fe_data_ct_backward(:,i) = 
vect_fe_data_ct_backward(:,length(vect_fe_data_ct_backward)+1-i); 
end 
  
fe_data_ct_1 = fe_data_ct(:,1:3); 
fe_data_ct_2 = fe_data_ct(:,7:end); 
  
fe_data_ct_1_backward = fe_data_ct_backward(:,1:3); 
fe_data_ct_2_backward = fe_data_ct_backward(:,7:end); 
  
  
final_fe_data_ct = horzcat(fe_data_ct_1(2:4,:), fe_data_ct_2(2:4,:));  
final_fe_data_ct_backward = horzcat(fe_data_ct_1_backward(2:4,:), 
fe_data_ct_2_backward(2:4,:));  
  
tib_COM_ct = [84.2181, 85.7059, -22.6089];  
%tib_COM_ct = [88.96180,90.52223, -73.36820];  
vect_tib_com_ct = [ones(1,size(tib_COM_ct,1)); tib_COM_ct.']; 
tib_COM_faro = T_ltog_faro*T_gtol_ct*vect_tib_com_ct; 
  
  
  
%%%%% Calculating Center or Mass of Tibia rotation and translation %%%%  
  
fect = final_fe_data_ct;  
fect_backward = final_fe_data_ct_backward; 
  
for j = 1:length(fect); 
   for i = 1:length(fect)/3 
      tib_1(:,i) = fect(:,3*i - 2); 
      tib_2(:,i) = fect(:,3*i -1); 
      tib_3(:,i)= fect(:,3*i); 
       
      tib_1_backward(:,i) = fect_backward(:,3*i - 2); 
      tib_2_backward(:,i) = fect_backward(:,3*i -1); 
      tib_3_backward(:,i)= fect_backward(:,3*i); 
       
   end 
end 
COM(:,1) = [1;84.2181; 85.7059; -22.6089]; 
  
% COM(:,1) = [1;88.96180; 90.52223; -73.36820] 
for i = 1:size(data,1)-2;  
    origin1(:,i) = tib_1(:,i); 
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    origin2(:,i) = tib_1(:,i+1);  
     
    one_two_1(:,i) =(tib_2(:,i) - tib_1(:,i)); 
    one_two_2(:,i) = (tib_2(:,i+1) - tib_1(:,i+1));  
     
    one_three_1(:,i) = (tib_3(:,i) - tib_1(:,i));  
    one_three_2(:,i) = (tib_3(:,i+1) - tib_1(:, i+1));  
     
    z_1(:,i) = cross(one_two_1(:,i), one_three_1(:,i));  
    y_1(:,i) = cross(one_three_1(:,i), z_1(:,i));  
    x_1(:,i) = one_three_1(:,i);  
     
    z_1(:,i) = z_1(:,i)/(norm(z_1(:,i))); 
    y_1(:,i) = y_1(:,i)/norm(y_1(:,i)); 
    x_1(:,i) = x_1(:,i)/norm(x_1(:,i)); 
     
    z_2(:,i) = cross(one_two_2(:,i), one_three_2(:,i)); 
    y_2(:,i) = cross(one_three_2(:,i), z_2(:,i)); 
    x_2(:,i) = one_three_2(:,i);  
     
    z_2(:,i) = z_2(:,i)/norm(z_2(:,i)); 
    y_2(:,i) = y_2(:,i)/norm(y_2(:,i)); 
    x_2(:,i) = x_2(:,i)/norm(x_2(:,i));  
   
    R(:,:) = [dot(x_1(:,i),x_2(:,i)) dot(y_1(:,i),x_2(:,i)) 
dot(z_1(:,i),x_2(:,i));... 
        dot(x_1(:,i),y_2(:,i)),dot(y_1(:,i),y_2(:,i)), 
dot(z_1(:,i),y_2(:,i));... 
        dot(x_1(:,i),z_2(:,i)),dot(y_1(:,i),z_2(:,i)),dot(z_1(:,i),z_2(:,i))]; 
    T(:,:) = origin2(:,i) - origin1(:,i);  
    A(:,:) = [R(:,:), T(:,:); 0,0,0,1]; 
%     T1(:,:)= [1,0,0,0; 
%         origin1(:,i), x_1(:,i), y_1(:,i), z_1(:,i)] 
%     T2(:,:) = [1,0,0,0; 
%         origin2(:,i), x_2(:,i), y_2(:,i), z_2(:,i)]  
%     A(:,:) = inv(T1(:,:))*((T2(:,:))) 
%     B(:,:) = [A(2:4,2:4),A(2:4,1);0,0,0,1] 
    rot_data(i,:) = rxyzsolv(A);  
%    for j = 2:31 
%     COM(:,j) = T2(:,:)*inv(T1(:,:))*[COM(:,j-1)] 
%    end 
% end 
  
  
    origin1_backward(:,i) = tib_1_backward(:,i); 
    origin2_backward(:,i) = tib_1_backward(:,i+1);  
     
    one_two_1_backward(:,i) =(tib_2_backward(:,i) - tib_1_backward(:,i)); 
    one_two_2_backward(:,i) = (tib_2_backward(:,i+1) - tib_1_backward(:,i+1));  
     
    one_three_1_backward(:,i) = (tib_3_backward(:,i) - tib_1_backward(:,i));  
    one_three_2_backward(:,i) = (tib_3_backward(:,i+1) - tib_1_backward(:, 
i+1));  
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    z_1_backward(:,i) = cross(one_two_1_backward(:,i), 
one_three_1_backward(:,i));  
    y_1_backward(:,i) = cross(one_three_1_backward(:,i), z_1_backward(:,i));  
    x_1_backward(:,i) = one_three_1_backward(:,i);  
     
    z_1_backward(:,i) = z_1_backward(:,i)/(norm(z_1_backward(:,i))); 
    y_1_backward(:,i) = y_1_backward(:,i)/norm(y_1_backward(:,i)); 
    x_1_backward(:,i) = x_1_backward(:,i)/norm(x_1_backward(:,i)); 
     
    z_2_backward(:,i) = cross(one_two_2_backward(:,i), 
one_three_2_backward(:,i)); 
    y_2_backward(:,i) = cross(one_three_2_backward(:,i), z_2_backward(:,i)); 
    x_2_backward(:,i) = one_three_2_backward(:,i);  
     
    z_2_backward(:,i) = z_2_backward(:,i)/norm(z_2_backward(:,i)); 
    y_2_backward(:,i) = y_2_backward(:,i)/norm(y_2_backward(:,i)); 
    x_2_backward(:,i) = x_2_backward(:,i)/norm(x_2_backward(:,i));  
   
    R_backward(:,:) = [dot(x_1_backward(:,i),x_2_backward(:,i)) 
dot(y_1_backward(:,i),x_2_backward(:,i)) 
dot(z_1_backward(:,i),x_2_backward(:,i));... 
        
dot(x_1_backward(:,i),y_2_backward(:,i)),dot(y_1_backward(:,i),y_2_backward(:
,i)), dot(z_1_backward(:,i),y_2_backward(:,i));... 
        
dot(x_1_backward(:,i),z_2_backward(:,i)),dot(y_1_backward(:,i),z_2_backward(:
,i)),dot(z_1_backward(:,i),z_2_backward(:,i))]; 
    T_backward(:,:) = origin2_backward(:,i) - origin1_backward(:,i);  
    A_backward(:,:) = [R_backward(:,:), T_backward(:,:); 0,0,0,1]; 
%     T1(:,:)= [1,0,0,0; 
%         origin1(:,i), x_1(:,i), y_1(:,i), z_1(:,i)] 
%     T2(:,:) = [1,0,0,0; 
%         origin2(:,i), x_2(:,i), y_2(:,i), z_2(:,i)]  
%     A(:,:) = inv(T1(:,:))*((T2(:,:))) 
%     B(:,:) = [A(2:4,2:4),A(2:4,1);0,0,0,1] 
    rot_data_backward(i,:) = rxyzsolv(A_backward);  
%    for j = 2:31 
%     COM(:,j) = T2(:,:)*inv(T1(:,:))*[COM(:,j-1)] 
%    end 
% end 
  
  
end 
  
for i = 2:size(data,1)-2; 
    Ansys_input(1,:)=rot_data(1,:); 
    Ansys_input(i,:)=rot_data(i,:)+Ansys_input(i-1,:) ;  
     
    Ansys_input_backward(1,:)=rot_data_backward(1,:); 
    Ansys_input_backward(i,:)=rot_data_backward(i,:)+Ansys_input_backward(i-
1,:) ;  
     
end 
  
%% Final input data to Ansys remote displacement 
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NewInput(:,1:3)=Ansys_input(:,4:6); 
NewInput(:,4:6)=Ansys_input_backward(:,1:3); 
  
disp('Finished!') 
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